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Abstract: Barium ferrites, particularly M-type with hexagonal molecular structure — BaFe;,049, represent important
magnetic materials with applications in: wireless communication, electronic devices, microwave absorbing agents,
magnetic recording media. This paper deals with the formation of barium hexaferrite via the citrate method. Starting from
Ba(NOs3),, Fe(NOs);-9H,0 and citric acid monohydrate with ammonia solution addition until reaching pH=8, a precursor
which self-ignites at 300 °C was obtained. After the auto-combustion reaction, a reddish brown to brown-gray powder
resulted, which was annealed at different temperatures. The use of citric acid in excess and ammonia is justified in the case
of barium hexaferrite formation. The results have pointed out that is possible to obtain BaFe;,0,4 as single phase after

annealing at 800 °C/1h.
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1. Introduction

Barium hexaferrite, BaFe;,049, also known as barium
M ferrite, has magnetoplumbite structure. In the past time,
barium hexaferrite raised major interest both in terms of
technology and science, as comprehensive studies were
developed on obtaining and characterization of this
material, which reaches an annual production of 300.000
tons [1].

Due to the remarkable properties [2]: high Curie
temperature, excellent stability, corrosion resistance and
good mechanical strength, barium hexaferrite is used in:
electronics industry [3], the absorption of microwave
radiation [4, 5], obtaining permanent magnets and magnetic
fluids [6, 7], producing data storage devices [3, 8].

Considering that the preparation method plays a key
role in determining barium hexaferrite properties,
researchers have focused on the use of unconventional
methods:  sol-gel [9], coprecipitation [10, 11]
autocombustion of polymeric precursors [12, 13], oxalate
route [14], hydrothermal [15] or microemulsion [16]. These
methods allow reducing the formation temperature of
BaFe;,0,9 and a better control over the size and shape of
the particles, the degree of crystallinity and magnetic
properties.

A new direction in the use of magnetic powders is as
adsorbents in water remediation processes [17]. In this
case, the major advantage of magnetic powders is the easy
separation using an external magnetic field [18].
Considering BaFe;,014 a potential adsorbent with magnetic
properties, the major interest is to keep the formation
temperature as low as possible, using non-conventional
methods, to provide high surface area.

Citrate method seems to be the most suitable for the
synthesis of BaFe;,09 powders with adsorbent properties.
This method is based on iron and barium nitrate, to which
was added citric acid for chelation of Fe** and Ba* cations.
Heating the solution a viscous gel is formed, the method
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being sometimes considered sol-gel. On further heating the
gel self-ignites, justifying the method name "sol-gel auto-
combustion method" [12].

The literature data on BaFe;;O.9 Synthesis by citrate
method indicates the possibility of formation starting at
temperatures of 800 °C, in the case of pH correction [19].
Qiu et al [20] reported the pH correction necessity in order
to lower the formation temperature of BaFe;,0;9 from a
mixture of barium nitrate, iron nitrate and glycine.

Regarding the proportion in which citric acid must be
used and the intermediate phase transformations of the
precursor until the compound is formed, information is far
from being clear; however, previous studies confirmed the
positive effect of citric acid excess, related to iron nitrate
and barium nitrate [12, 21].

Accordingly, the aim of this paper is to systematically
track BaFe;,019 formation from iron and barium nitrates,
highlighting the need of citric acid, pH correction by
ammonia addition and the effect of citric acid excess.

2. Experimental

Pro analysi barium nitrate (Merck), iron nitrate
nonahydrate (Merck), citric acid (Chimopar) and ammonia
solution 25% (Chimopar) were used. The composition of
the investigated samples is presented in Table 1.

The molar ratio Ba(NOs),: Fe(NO3)s: CgHgO; = 1: 12:
13 was considered stoichiometric, in which citric acid,
tribasic, ensures Ba?* and Fe®" chelatization; the theoretical
amount of citric acid (38/3 moles) was rounded up to 13
moles. Experimental determinations were performed in
order to obtain 0.005 moles of barium hexaferrite.

Barium and iron nitrate were dissolved in the minimum
necessary amount of distilled water at 80 ° C, under
magnetic stirring, with the formation of an orange solution.
The citric acid needed for barium and iron ions
chelatization was dissolved separately. When the two
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solutions were mixed into a capsule, a reddish brown
solution was formed. The temperature on the hotplate was
raised until the water evolved and a highly viscous brown
gel was formed

In the case of pH correction, in order to create the
necessary basic medium for the reaction, the calculated
amount of ammonia solution was added. A color change
from reddish brown solution to light green was noticed.
After water removal from the system while heating on the
hotplate, a highly viscous black-green gel was formed.

On further heating, the sample self-ignites at around
300 °C, becoming incandescent or engulfed with flames,
depending on the characteristics of the precursor. The
result is a powder colored from reddish brown to brown-
gray, or even black. The obtained powders were subjected
to heat treatment in the oven at various temperatures, in air
atmosphere.

The obtained powders were characterized in terms of
phase composition by X-ray diffraction using a Rigaku
Ultima IV diffractometer, CuKa radiation. The behavior of
the samples upon heating was studied by means of thermal

TABLE 1. The composition of the studied samples

analysis using a Netzsch STA 449C instrument, in air
atmosphere, at a flow rate of 20 mL min™. TG / DSC
curves were recorded in the temperature range 25-1000 °C
at a heating rate of 10 K min™, using alumina crucibles.
The specific surface area was determined by BET
technique, N, adsorption-desorption, using a Micromeritics
ASAP 2020 instrument.

3. Results and Discussion

Table 2 shows the phase composition of the obtained
powders directly after self-ignition and after annealing at
different temperatures.

Identification cards:
o-Fe,05: 01-089-0596, BaFe;,0;4: 00-039-1433,
a- BaFe,0,: 00-027-1030, BaCO3: 00-044-1487,
v-Fe,03:04-007-2140.

Sample Molar ratio H Observation
No. Ba(NO3), Fe(NO3); Citric acid NH; P
1 1 12 - - 1 -
2 1 12 - 41.8 8-85 Brown precipitate
3 1 12 13 - 05-1 Incandescence
4 1 12 13 84.7 8 Combustion with intense flames
5 1 12 26 127.6 8 Combustion with flames
6 1 12 52 2134 8 Prolonged incandescence
TABLE 2. Phase composition of the studied samples
Phase composition
Sample After auto-
No. combustion 650 °C/ 3h 800 °C/ 1h 900 °C/ 1h 1000 °C/ 1h
a—Fe203 (X-F6203
1 - - BaFe;,01 - BaFe;,019
a—BaF6204 a—BaFe204
BaFe12019 BaFeuOlg
2 - - o-BaFe,0, - o- BaFe,04
a—Fe203 (X-F6203
a—Fe203 (X-F6203
3 - - o- BaFe,0, - BaFe12019
BaFe12019 o- BaF9204
Y-Fezos
N ’Y'Fe203 BaFe;,019
4 (X(EEEF%O“ a-BaFe,0, o-Fe,0; (traces) BaFe;;,019 S Ba:Fgléonl]gzlg
BaCZO: BaFe12019 SBET: 5,6 mzlg BET !
-Fe,O
1-Fe0s a?,Bane 3O
5 a—BaFe204 o-Fe Cz) 4 BaFe12019 - BaF612019
_ -rF€203
o FEZOS BaFelzom
BaFe12019
"{'F6203 o-BaFe,0, R
6 BaCO; Y-Fezos BaFe;,01 BaFe;,019
(X-F9203
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Figure 1 presents the X-ray diffraction patterns of
samples 1 and 2, annealed at 1000 °C for 1 hour. It is noted
that beside the projected phase — BaFe;,049, even after
calcination at 1000 °C, two more phases are present: a-
Fe,O; and a-BaFe,0,4. BaFe;,049 proportion in the powder
calcined at 1000 °C is significantly higher in sample 2 than
sample 1.

1000 °C H: a-Fe,0,
B: u-BaFe7O‘
M: BaFe O,
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Figure 1. XRD patterns of samples 1 and 2, annealed at 1000 °C/ 1h.

Figures 2 and 3 show the thermal behaviour of samples
1 and 2 precursors.

For sample 1 (Fig. 2), DSC and TG curves for
temperatures up to 250 °C correspond to the thermal
behavior of Fe(NOs);-9H,O [22]. The endotherm effect
with maximum at 575.2 °C, accompanied by mass loss can
be assigned to the decomposition of the fine dispersed
Ba(NO3),, mixed with Fe,O; formed by the decomposition
of the ferric nitrate.
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Figure 2. TG and DSC curves of the sample 1 precursor

The reaction between BaO and Fe,O;, with formation
of BaFe,0,4 and BaFe;,0,4 0ccurs gradually at temperatures
around 800 °C. Increasing the temperature to 1000 °C does
not ensure the formation of hexaferrite; a-Fe,O; remains
the main phase.
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In the case of sample 2, Fe,O3;-xH,O and Ba(OH),
coprecipitate mixed with NH4NO;, formed during the
addition of NH; solution, the thermal behavior is shown in
Figure 3. The endothermic effects below 200 °C are
assigned to water removal and Fe,O3-xH,O decomposition,
with Fe,O5 formation. The exothermic effect at 279.6 ° C is
assigned to NH,;NO; highly exothermic decomposition.
The weak endothermic effect at 557.9 ° C is due to
Ba(OH), decomposition.
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Figure 3. TG and DSC curves of the sample 2 precursor

The proportion of BaFe;;0;9 formed at 800 °C and
1000 °C, is higher in the case of sample 1 than sample 2,
which is also confirmed by the X-ray diffraction patterns
(Figure 1). This reflects a higher reactivity of the mixture
obtained by co-precipitation. However, this reactivity is not
high enough to ensure the designed compound formation as
single phase, at temperatures below 1000 °C.

Samples 3, 4, 5 and 6 were obtained from iron and
barium nitrate treated with citric acid; in samples 3 and 4,
the amount of citric acid is stoichiometric: without pH
correction in the sample 3 and with pH correction (8+8.5)
by NHj; solution addition in the sample 4. Samples 5 and 6
differ from the sample 4 by the use of citric acid in excess,
and thus a higher proportion of NHs.

The X-ray diffraction patterns of samples 3, 4 and 5
after annealing at 800 °C for 1 hour, are presented in Fig.4.
It is noted that in the sample 3 (without pH adjustment) the
main phase is hematite at 800 °C, while the hexaferrite is
present only in a small proportion. This demonstrates that
the use of citric acid as chelating agent for Ba*" and Fe** is
not sufficient to ensure the formation of the projected phase
at 800 °C.

pH correction (at value 8) by NHs solution addition
(sample 4) essentially changes the situation: hexaferrite is
the main phase, alongside traces of hematite. The situation
is even better in the case of sample 5, with an excess of
citric acid (twice the stoichiometric amount) and thereby
the corresponding ammonia addition. So, in this sample,
after calcination at 800 °C, BaFe;,049 is present as single
phase.

BaFe;,0,9 powder calcined at 800 °C has a relatively
high surface area of 5.6 m?/g. By raising the calcination
temperature at 1000 °C, the specific surface area decreases
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to 3.2 m%g. This indicates that in the case of using barium
hexaferrite powder as adsorbent in water depollution, it is
essential that the calcination temperature does not exceed
800 °C.
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Figure 4. XRD patterns for samples 3, 4 and 5, annealed at 800 °C/ 1h

Sample 6 presents an even slightly better behavior,
when the citric acid excess is greater (4 times the amount
required). A better behavior compared to sample 5, is also
reflected in the higher proportion of BaFe;,059, in the
sample calcined at 650 °C. Fig. 5 presents the XRD
patterns of sample 6 calcined at different temperatures;
BaFe;,0; is the single phase at 800 °C and by raising the
temperature to 1000 °C, the intensity of the diffraction
peaks increases, showing larger crystallite size.
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Figure 5. XRD patterns for samples 6, annealed at
different temperatures.
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Thermal behavior of samples 5 and 6, pursued by
thermal analysis is shown in Fig. 6 and Fig. 7.

Viscous gel samples were picked for the analysis,
formed after mixtures heating. An endothermic effect is
observed around 200 °C, in both cases; that is attributed to
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the start of citrate component decomposition, followed by a
sequence of exothermic processes due to oxidative
degradation of the decomposition products. These
processes also involve the exothermic decomposition of
ammonium nitrate present in the mixtures.

Heated on a hotplate in a capsule the sample ignites,
due to the exothermic processes, followed by the auto-
combustion, with y-Fe,O3 powder formation. Ba?" cations
are most likely in the form of BaCO; intimately distributed
in a mixture with y-Fe,03. BaCO3; decomposition does not
show any effect, on TG curves, which can be explained by
the important mass difference between the sample in the
capsule and the sample taken for analysis.
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Figure 6. TG and DSC curves of the sample 5 precursor
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Figure 7. TG and DSC curves of the sample 6 precursor

The results prove that in the case of BaFe;;,Oq9
formation, the chelatization process of Fe** and Ba*
cations, specific to citrate method (sample 3), practically
does not bring any improvement compared to the nitrates
mixture (sample 1). But co-precipitation, by NH; addition
(Sample 2) has an obvious positive effect compared to
samples 1 and 3.

Things change essentially when the chelatization of
Fe** and Ba®* cations using citric acid takes place first and
is followed by pH correction. The positive effect in this
case may be assigned to the presence in the precursor
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mixture of both ammonium nitrate and ammonium citrate,
with a very homogeneous distribution of Fe** and Ba**
cations. During NH; decomposition and thermal
degradation of citrate component in a relatively wide
temperature range, y-Fe,O; results intimately associated
with BaCOs, which ensures a significant increase in the
mixtures reactivity; BaFe;,04q is practically single-phase at
800 °C. This thermal behavior of the samples, is upholded
by the positive effect of citric acid excess and thus, NH;
presence (twice the stoichiometric amount required or even
more).

4. Conclusions

The results show that it is possible to obtain BaFe;,049
at 800 °C, using citrate method, in which the pH correction
(to value 8) by ammonia addition proved to be very
important.

BaFe;,0,9 powder calcined at 800 °C has a relatively
high surface area of 5.6 m%/g; by raising the temperature at
1000 °C the specific surface area decreases to 3.2 m%/g.

The positive effect in using citric acid and ammonia in
excess, on BaFe;;0;9 formation was confirmed. It is
justified an excess of two times, or more, than the
stoichiometric required quantity.

The necessary amount of citric acid and ammonia in the
mixtures is presented rationally in this paper.
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