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Abstract

Thermal decomposition of iron choline citrate (C H Fe N O ) has been investigated using X-ray powder diffraction, Fourier33 57 2 3 24
57 ¨transform infrared and Fe Mossbauer spectroscopies. The starting compound was heated in a furnace at selected temperatures between

room temperature and 4608C, and cooled down afterwards either by quenching in bidistilled water or by cooling in air. Final
decomposition products were iron oxides Fe O (magnetite) and a-Fe O (hematite). In all samples quenched in bidistilled water3 4 2 3

magnetite was found to be a dominant crystalline phase. Self-propagating burning of iron choline citrate in air was observed. The unit-cell
parameter of the obtained magnetite decreased gradually with the increase in temperature of thermal treatment of the starting compound
regardless of the cooling procedure. Crystallite size of magnetite varied from 10(1) to 21(2) nm, whereas the crystallite size of hematite
varied between 25(2) and 39(3) nm. FT–IR spectra showed a significant amount of organic fraction in the samples containing magnetite
as a dominant crystalline phase. In absence (or presence of a small quantity) of organic phase, a transformation of magnetite to hematite

¨occurred. The Mossbauer spectrum of iron choline citrate at RT showed a single line with pronounced broadening. On heating the starting
compound at 2708C and quenching in bidistilled water a quadrupole doublet was recorded at RT. This quadrupole doublet was ascribed to

¨amorphous iron(III)-(hydrous) oxide. For samples thermally treated at higher temperatures Mossbauer spectroscopy showed magnetite and
¨hematite. Mossbauer spectra also showed substoichiometric magnetite, Fe O , which was very pronounced in samples produced at the32x 4

highest temperatures, and this was in agreement with XRD investigations.  2002 Elsevier Science B.V. All rights reserved.
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˚1. Introduction lattice constant of stoichiometric F O is a58.394(5) A3 4

[4]. For a natural magnetite sample Fleet found a5
˚8.3941(7) A [2]. There are two distinct Fe sites in theOver the last decade considerable research activities

31 21have focused on the synthesis of magnetic oxide particles structure: Fe ions are at tetrahedral sites, whereas Fe
31and their physical and chemical properties. Various mag- and Fe ions are equally distributed at octahedral sites of

netic oxide particles have already found important applica- the spinel-type structure. At about |21538C magnetite
tions (magnetic tapes, magnetic memories, magneto–opti- undergoes a sharp phase transition often cited in literature
cal readers, ferrite cores, wave-guides, transformers, etc.). as the Verwey transition, with a characteristic transition
Among magnetic metal oxides, Fe O (magnetite) shows temperature T . This transition is related to an abrupt3 4 v

unique magnetic and electrical properties. For this reason, decrease in electric conductivity and a specific heat
57 ¨magnetite has been the subject of investigations from anomaly. At room temperature (RT), Fe Mossbauer

different standpoints for many decades. spectrum of magnetite is characterized with two hyperfine
The crystal structure of magnetite was solved by Verwey magnetic splitting components. However, in the region of

and de Boer [1] and refined by Fleet [2,3]. Magnetite is a the Verwey transition and at temperatures below it, the
¨cubic crystal of the spinel series, space group Fd3m. The Mossbauer spectra are very complicated. Hargrove and
¨Kundig [5] reported that more than two sextets are present

in the region of Verwey transition. Later investigations*Corresponding author.
´E-mail address: music@rudjer.irb.hr (S. Music). [6–9] confirmed this finding, and several sextets were
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Table 1found; however, there are still uncertainties about their
Experimental conditions for the preparation of samples and their notationorigin. An insight into the origin of these sextets is
Sample Temperature of Period of heating Mode of coolingextremely important for understanding the nature of

heating (8C) (min)spontaneous magnetism in magnetite.
Physical and chemical properties of magnetite greatly AQ1 270 30 Quenched in

bidistilled waterdepend on the route of its synthesis, and for that reason
AQ2 350 30 Quenched inresearchers have been using various approaches to the

bidistilled water
synthesis of magnetite in order to change its properties in a AQ3 425 30 Quenched in
controlled way. Thermal decomposition of Fe-bearing bidistilled water
precursors is a very popular way to produce iron oxides,

AR1 270 30 Cooled in airincluding magnetite. De Abreu Filho et al. [10] reported
AR2 310 30 Cooled in airpreparation of magnetite by heating iron(III)-hydroxoacte-
AR3 325 30 Cooled in air

tate above 2508C in a nitrogen atmosphere. Tang et al. [11] AR4 460 30 Cooled in air
used the pyrolysis of aerosol droplets of Fe (SO )2 4 3

solution. Pyrolysis was performed in nitrogen or air
atmosphere, and in the samples a mixture of hematite, pellets. The pellets were heated in a tubular furnace in the
maghemite and magnetite was detected. The mechanoch- temperature range between 270 and 4608C, and quenched
emical transformation of a-Fe O to Fe O in vacuum has afterwards in bidistilled water or cooled in air. Experimen-2 3 3 4

¨been monitored by Mossbauer spectroscopy [12]. The tal conditions for the preparation of the samples and their
magnetite obtained exhibited hyperfine magnetic fields of notation are given in Table 1. The samples AR2, AR3 and
459 kOe at tetrahedral Fe sites, and 490 kOe at octahedral AR4 when taken out from the furnace showed a self-

¨Fe sites. Furthermore, Mossbauer spectroscopy was used to propagating burning before being cooled down in air.
monitor the precipitation of magnetite particles from X-ray powder diffraction measurements were performed
FeCl /2FeCl solutions containing polyvinyl alcohol at at RT using a Philips MPD 1880 counter diffractometer,2 3

pH|11 [13]. with monochromatized Cu K radiation. Diffraction pat-a

The researchers also focused on the formation of thin terns were scanned in steps of 0.028 (2u ) with a fixed
magnetite films. For example, Tanaka et al. [14] coated the counting time of 5 s per step. Two diffraction patterns for
surface of silica glass with iron(III)-(hydrous)oxide sols. each sample were taken (except for the samples AQ1 and
On heating at 9408C a thin a-Fe O film was formed and AR1), one of a pure sample and the other of a sample2 3

then reduced with carbon to magnetite at 510–6308C in N admixed with 20% fluorite (CaF ) to be used as an internal2 2

atmosphere. Thin magnetite films were also epitaxially standard. The latter pattern was taken for the purpose of
grown on a-Al O and MgO substrates [15], with a better quantitative phase analysis, and for precise determination2 3

interfacial lattice matching found for the MgO substrate. of unit-cell parameters of crystalline phases.
Synthesis of magnetic oxides by thermal decomposition Fourier transform infrared (FT–IR) spectra of the speci-

of iron–organic compounds has several advantages, such mens pressed into KBr discs were recorded at RT using a
as a relatively low temperature of formation of magnetic Perkin-Elmer spectrometer, model 2000. The spectra were
oxides, a short reaction time (at times just a few minutes) processed by means of IR Data Manager (IRDM) program.

57 ¨and a possibility of using inexpensive iron–organic com- Fe Mossbauer spectra were recorded at RT using
57pounds. The properties of the end decomposition product conventional nuclear spectroscopic instrumentation. Co

¨depend on the chemical nature of the precursor used, in a rhodium matrix was used as a Mossbauer source.
temperature and reaction atmosphere. In spite of the fact Isomer shifts were measured relative to a-Fe.
that these reactions are not easy to control, especially the Differential thermal analysis (DTA) was performed for
case of a self-propagating burning effect, they are very the starting material, iron choline citrate, by means of a

¨popular in technology. Gebruder Netzsch device. The DTA measurements were
In the present work, we have investigated the thermal made in air and argon atmosphere using a heating rate of

21decomposition of iron choline citrate, C H Fe N O . 108C min .33 57 2 3 24

The phase composition and structural properties of the
thermal decomposition products were characterized by X-

57ray powder diffraction, Fourier transform infrared and Fe 3. Results and discussion
¨Mossbauer spectroscopies. Iron choline citrate was found

to be suitable for preparation of nanocrystalline magnetite. 3.1. X-ray powder diffraction

Characteristic parts of XRD patterns of the examined
2. Experimental samples are shown in Fig. 1 (starting compound and

samples quenched in bidistilled water) and Fig. 2 (samples
Iron choline citrate (ICC sample) was used as received cooled in air). Crystalline phases found in the samples

from SIGMA. The starting chemical was pressed into were identified according to data contained in the JCPDS
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Fig. 1. Characteristic parts of X-ray powder diffraction patterns of iron
choline citrate (C H Fe N O ) and of samples AQ1, AQ2, AQ333 57 2 3 24

recorded at RT (m Fe O , n a-Fe O ).3 4 2 3

Powder Diffraction File [16]. The results of the XRD
Fig. 2. Characteristic parts of X-ray powder diffraction patterns of

phase analysis are given in Table 2. The iron oxide phases samples AR1, AR2, AR3, and AR4, recorded at RT (m Fe O , n3 4
magnetite and hematite are the crystalline products of a-Fe O ).2 3

thermal decomposition of the starting compound. The
types and fractions of iron oxides formed are dependent on

tite /hematite were prepared and each admixed with 20
temperature and mode of thermal treatment. The DTA

wt% of flourite, CaF , used as an internal standard.2curve in air showed a strong endothermic peak at 2458C
Integrated intensities of diffraction lines 104 of hematite,

due to amorphization of iron choline citrate, whereas in
220 of magnetite and 111 of flourite for these mixtures

argon a strong endothermic peak was measured at 2508C.
were determined using the individual profile fitting [18].

The sample heated at 2708C and quenched in bidistilled
From these intensities the calibration curves for determi-

water (sample AQ1) was completely amorphous, whereas
nation of the magnetite and hematite contents were made,

the sample heated at 3508C (sample AQ2) showed diffrac-
tion lines characteristic for magnetite and also the presence

Table 2of an amorphous component. A further increase in tem-
Phase composition of samples, determined by X-ray powder diffraction

perature caused the appearance of hematite lines in addi-
aSample Phase composition (weight fraction)tion to those of magnetite (sample AQ3), with magnetite

AQ1 Amorphousbeing the dominant phase. On the other hand, with samples
AQ2 Amorphous (0.65)1Fe O (0.32)1a-Fe O (0.03)3 4 2 3heated at similar temperatures but cooled in air (samples
AQ3 Amorphous (0.25)1Fe O (0.62)1a-Fe O (0.13)3 4 2 3AR2, AR3, AR4), hematite was already well pronounced

at 3108C and became the dominant oxide phase at |3258C, AR1 Amorphous
while the fraction of the amorphous component was AR2 Amorphous (0.50)1Fe O (0.43)1a-Fe O (0.07)3 4 2 3

AR3 Amorphous (0.15)1Fe O (0.20)1a-Fe O (0.65)smaller. Quantitative data were obtained by application of 3 4 2 3

AR4 Amorphous (0.10)1Fe O (0.14)1a-Fe O (0.76)3 4 2 3the internal-standard method proposed by Klug and Alex-
aander [17]. Sets of synthetic powder mixtures of magne- The weight fractions were determined with relative error of 10%.
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as shown in Fig. 3. Then the same fraction of flourite was parameters were refined by the whole-powder-pattern
added to the investigated samples and from the integrated decomposition method using the WPPF program [18]. The
intensity ratios of the same diffraction lines of magnetite / fitting of the system sample1CaF was performed in the2

hematite and flourite quantitative data were obtained. range 2u5108–1008 using the split-type pseudo-Voigt
Selected individual profile fitting results for the purpose of profile function and the polynomial background model.
quantitative phase analysis are indicated in Fig. 4. The observed and calculated powder patterns of selected

For all samples diffraction lines of magnetite exhibited a samples are shown in Fig. 5. Whole-powder-pattern fitting
shift to higher Bragg angles compared with JCPDS data, showed that sample AQ2 besides magnetite and amor-
card 19-629 [16]. The effect was more evident as the phous phase also contained about 3% hematite. Unit-cell
temperature of thermal treatment increased. This shift of parameters for hematite in all samples agreed with the data
diffraction lines indicated a decrease in the lattice constant given in the JCPDS card 13-534 [16]. The refined unit-cell
of magnetite and possible substoichiometry, Fe O . parameter a for magnetite was constantly smaller than32x 4

Unit-cell parameters of the obtained magnetite and hema- reported in literature [2,4,16(card19–629)], as listed in
tite were determined using a method proposed by Toraya Table 3.
[19] by means of the UNITCELL computer program. Both magnetite and hematite showed diffraction line
Angle positions of several diffraction lines of a given iron broadening, which was more pronounced for magnetite,
oxide and three diffraction lines of the internal standard, and in both cases decreased with the temperature of
CaF , were determined by individual profile fitting [18] thermal treatment, as evident from Figs. 1, 2 and 4. The2

and taken as input data for the program. Obtained unit-cell line broadening was analyzed by the method of line profile
widths using a correction curve for diffractometer line
profiles as derived by Alexander [20]. Individual profile
fitting [18] was used to determine precisely the full widths
at half-maximum (FWHM) of the observed diffraction
lines of our samples, and also of very pure Si powder used
for the instrumental profile correction. The full widths at
half-maximum of resulting pure diffraction profiles for
both iron oxide phases, Fe O and a-Fe O , increased3 4 2 3

with the Bragg angle as 1 /cos u, indicating that small
crystallite sizes caused line broadening. The crystallite
sizes of iron oxide phases were calculated by means of the
Scherrer formula, and the values are given in Table 4.

¨3.2. Fourier transform infrared and Mossbauer spectra

The FT–IR spectrum of iron choline citrate and spectra
of samples quenched in water are shown in Fig. 6. The
FT–IR spectrum of AQ1 sample shows a very strong and

21broad band centered at 3402 cm . This spectral region
corresponds to the stretching vibrations of H O. A very2

21strong and broad IR band centered at 480 cm is also
visible. This IR band usually appears in the presence of
amorphous iron(III)-(hydrous)oxide. In the mid-region two

21very strong IR bands at 1603 and 1400 cm with
21shoulders at 1722 and 1260 cm are present. The

difference between the asymmetric stretching vibrations
2 2

n (COO ) and symmetric stretches n (COO ) of 203as s
21cm indicates a possibility of the presence of ‘free’

carboxylate groups in the sample. This means that the
basic iron choline citrate structure was destroyed and that
the organic intermediate is no more crystalline which is in
accordance with X-ray powder diffraction measurements.
However, the fraction of this organic intermediate is high

31enough to reduce Fe ions with a further increase in
temperature. This is actually confirmed by the FT–IR
spectrum of AQ2 sample. Two IR bands located at 580 andFig. 3. Calibration curves for determination of weight fractions of (a)

21
hematite and (b) magnetite, using flourite (CaF ) as internal standard. 400 cm correspond to magnetite. The IR bands of the2
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Fig. 4. Individual profile fitting results of selected diffraction lines of magnetite (M), hematite (H) and flourite (F) for the mixtures (a) AQ21CaF and2

AQ 1CaF , (b) AR31CaF and AR31CaF . The split-type pseudo-Voigt profile model was used in calculations.3 2 2 2

organic fraction are still present, but decreased in their hematite and the influence of some factors on this spec-
intensities. FT–IR spectrum of AQ3 sample shows the trum such as the particle shape, aggregation and matrix,

21appearance of an IR band at 441 cm , and taking into have been discussed by Iglesias et al. [21,22].
¨account the results of XRD measurements this band can be Fig. 8 shows the RT Mossbauer spectra of iron choline

ascribed to hematite. Consequently, there is a shift of IR citrate (ICC sample) and AQ1 sample. The singlet corre-
21 21band from 580 cm to 568 cm , due to an overlap of the sponding to iron choline citrate shows a significant

21band at 580 cm with the second prominent band of broadening and shape typical for a relaxation-type
¨hematite. The AQ3 sample contained a much smaller Mossbauer spectrum. On heating the starting compound at

amount of the organic fraction than the AQ2 sample, as 2708C a pure quadrupole interaction is obtained with the
21 21can be deduced on the basis of its IR spectrum. From this parameters d 50.37 mm s and 1/2eqQ50.84 mm s .Fe

point of view it is easy to understand why with a further These values can be ascribed to an amorphous iron(III)-
21 ¨increase in temperature reoxidation of Fe occurs. Spectra (hydrous)oxide. Fig. 9 shows the RT Mossbauer spectra of

of samples AR3 and AR4, shown in Fig. 7, exhibited the samples AQ2 and AQ3, as well as the spectrum of the
¨main features of a hematite spectrum, which is in accord- magnetite standard for comparison. Mossbauer spectrum of

ance with the results of the quantitative phase analysis magnetite standard showed full stoichiometry, Fe O with3 4

given in Table 2. That is, small organic (amorphous) the parameters corresponding to the literature data [23].
fraction in these samples, being a consequence of the The AQ2 sample shows superposition of two hyperfine
self-propagating burning before the cooling of samples, magnetic splitting components and the central quadrupole
favored the formation of hematite. The IR spectrum of doublet. These two hyperfine magnetic splitting compo-
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Fig. 5. Whole-powder-pattern decomposition result for samples AQ2, AQ3 and AR3, with CaF as internal standard (Cu K data; the split-type2 a

pseudo-Voigt profile model and the polynomial background model in calculations). The observed profile intensity is represented by black squares and the
calculated intensity by the solid line. Differences between the two intensities are plotted at the bottom of the diagrams on the same scale. Vertical bars are
the reflection position markers, longer ones for the reflections of CaF .2

¨nents can be ascribed to substoichiometric magnetite Mossbauer analysis a small fraction of hematite as found
(Fe O ), whereas the central quadrupole doublet (1 / with XRD (Table 2) was not taken into account. The32x 4

212eqQ50.8 mm s ) is due to a noncrystallized amor- spectrum of the AQ3 sample was analyzed with two sites
phous, iron(III)-(hydrous) oxide fraction. In this for magnetite, one site for hematite and one site for the

amorphous background (smeared subspectrum). The AQ3
Table 3 sample showed an additional increase in the relative
Refined unit-cell parameter a (at room temperature) for magnetite in intensity of the outer sextet of the magnetite fraction and
selected samples this means a further increase in substoichiometry of

˚Sample R R a (A) Referencep wp

AQ2 0.053 0.068 8.3827(7) This work Table 4
AQ3 0.045 0.060 8.3712(3) This work Crystallite sizes of magnetite and hematite in samples

Sample D (nm) D (nm)Fe O a-Fe O3 4 2 3AR2 0.046 0.059 8.3811(5) This work
AR3 0.048 0.063 8.3593(6) This work AQ2 10 (1) –
AR4 0.052 0.069 8.3467(5) This work AQ3 15 (1) 25 (2)

Fe O 8.3941(7) [2] AR2 11 (1) 20 (2)3 4

8.394(5) [4] AR3 14 (1) 36 (3)
8.3967 [16], card 19-629 AR4 21 (2) 39 (3)
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Fig. 6. Fourier transform IR spectra of iron choline citrate and samples Fig. 7. Fourier transform IR spectra of samples AR1, AR2, AR3 and
AQ1, AQ2 and AQ3, recorded at RT. AR4, recorded at RT.

magnetite, in accordance with the previous discussion on
57 ¨XRD measurements. The Fe Mossbauer parameters

calculated for samples AQ2 and AQ3 are given in Table 5.
On the basis of both, the intensities ratio for magnetite
fraction and spectral features shown in Fig. 9, it is evident
that the substoichiometric magnetite was formed by ther-
mal decomposition of iron choline citrate. However, in the
present case the intensities ratio cannot be taken in
formalistic way for calculation of magnetite substoich-
iometry because the spectra are also affected with the
degree of crystallinity and particle size, as well as with

¨high amorphous fraction. The results of Mossbauer phase
analysis are in agreement with the phase composition of
these samples as determined by XRD (Table 2). Fig. 10

¨shows the RT Mossbauer spectra of sample AR4 and the
hematite standard for comparison. For the AR4 sample the

21following parameters were calculated: IS50.36 mm s ,
211 /2eqQ520.18 mm s , HMF5512 kOe and G 50.5

21mm s . From these data it is clear that the HMF value
was slightly reduced in relation to that of hematite

21(HMF5517 kOe). Also, the line-width (G 50.5 mm s )
is increased. A superposition of additional hyperfine

57magnetic splitting components with the hematite com- ¨Fig. 8. Fe Mossbauer spectra of choline citrate (C H Fe N O ) and33 57 2 3 24

ponent in this spectrum can be presumed; however, in this sample AQ1, recorded at RT.
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57 ¨Fig. 10. Fe Mossbauer spectra of sample AR4 and the standard a-
Fe O . The spectra were recorded at RT.2 3

4. Conclusions

Thermal decomposition of iron choline citrate has been
57 ¨Fig. 9. Fe Mossbauer spectra of samples AQ2 and AQ3, and the shown to be a feasible procedure for preparation of

standard Fe O . The spectra were recorded at RT.3 4 nanocrystalline magnetite. The phase composition of the
samples depends on the temperature and specifically on the
cooling mode. Self-propagating burning of iron choline
citrate was observed during the thermal decomposition

case there would be a strong overlap between these two experiments in air.
spectral components due to similar parameters and they Magnetite as a dominant crystalline phase was found in
could not be distinquished in physical terms with certainty. the samples quenched in bidistilled water, whereas in the

samples heated at temperatures T $3258C and cooled in air
the dominant phase was hematite. The amorphous fraction
in the samples rapidly decreased with an increase in the
temperature of thermal treatment. Also, the unit-cellTable 5

57 parameter of magnetite decreased gradually with the¨Fe Mossbauer parameters at RT, calculated for samples AQ2 and AQ3
a increase in temperature of thermal treatment, indicating theSample Component Intensity IS HMF 1/4eqQ

21 21 substoichiometry of this phase. The crystallite size of(%) (mm s ) (kOe) (mm s )
magnetite increased from 10(1) to 21(2) nm with increase

AQ2 Fe O 14 0.34 485 |03 4 in the thermal treatment temperature in the range 350–Fe O 27 0.57 452 20.053 4

4608C, whereas an increase in the crystallite size ofAmorphous 45 0.4
bAmorphous 14 0.5 hematite from 25(2) to 39(3) nm was observed.

The FT–IR spectra of the samples quenched in bidistil-
AQ3 Fe O 35 0.30 491 |03 4 led water showed a significant fraction of the organic

Fe O 30 0.57 459 20.053 4 phase, which as a reducing agent favored the formation ofa-Fe O 10 0.34 518 20.082 3
b magnetite. In the absence, or with traces, of the organicAmorphous 25 0.5

21 phase a transformation of magnetite into hematite occurs.Errors: d and IS560.01 mm s . HMF562 kOe.
a Self-propagating burning of iron choline citrate favors theIS is given relative to a-Fe.
b Smeared subspectrum. formation of hematite as a decomposition product.
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