Structure and chemical bonding






Hyperfine Interactions 83 (1994) 161-167 161

Effect of acetate on ferrihydrite crystallization
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Maossbauer spectroscopy was used to follow the aging of ferrihydrite with different
amounts of acetate, to achieve more crystalline products. Mdssbauer spectra of fresh samples
did not show any magnetic components. After two years aging, the solids presented crystalline
fractions. Hematite formation was inhibited as acetate content increased in solids. For an acet-
ate/iron molar ratio equal to 0.63 goethite was formed instead of hematite. X-ray diffraction
confirmed these results. This work shows that synthetic samples can be used for elucidating the
“anti-hematitic” effect of organic matter already detected in soils.

1. Introduction

Ferrihydrite is a poorly crystalline hydrated ferric oxyhydroxide usually found
in soils and weathered rocks. As a synthetic product, it is useful to prepare finely
divided iron oxides for magnetic recording, pigments, catalysts, etc.

In soils, ferrihydrite with time transforms to more crystalline phases such as
goethite, lepidocrocite and hematite in the weathering environment [1]. Goethite
and hematite are by far the most common iron oxides occurring in soils and sedi-
ments [2]. Environmental conditions play a decisive role in determining which of
the two forms are produced [3] probably because of their influence on the kinetics
of the alternative reactions [2].
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A lot of laboratory studies have been carried out to investigate the conditions
of iron oxide crystallization from ferrihydrite. The influence of pH [4] as well as the
effect of relative humidity [5], silica content [6] and organic ions [2,3,7] have been
examined.

It has been demonstrated that some organic compounds retard or inhibit the
transformation of ferrihydrite to more crystalline products in soils [8] and in the
laboratory preparations [5]. Citrate, tartrate, malate and phosphate have a strong
effect in inhibiting the crystallization whereas formiate, acetate, oxalate and malo-
nate do not [3]. Earlier works [3,7] have shown that anions of organic acids influ-
ence both the rate of crystallization and the nature of crystalline products. Organic
acids, in particular the hydroxy-carboxylic acids, can (i) retard crystallization of
ferrihydrite to hematite, (ii) prevent goethite formation and (iii) in some cases,
enhance hematite formation. The effect of the various organic acids depends on
their nature and concentration as well as on the pH of the system [7].

Most of these investigations so far have been carried out in aqueous media on
natural or synthetic samples. However, on dealing with model systems relevant for
tropical soils, an important alternative is to consider the effect of organic matter
on ferrihydrite crystallization keeping the samples in the powder form.

The aim of the present work is to follow the transformation of ferrihydrite pow-
der with different amounts of acetate to more crystalline products. This study was
carried out by preparing iron(III) hydroxide as hydrolysis product of aqueous fer-
ric salt solution and then washing the gels produced with ammonium acetate solu-
tions. During this washing acetate is adsorbed on the gels changing them to
iron(III) hydroxoacetate (IHA), a poorly crystalline hydrated ferric oxyhydroxide,
like ferrihydrite. The fresh samples were characterized by elemental analysis, infra-
red spectroscopy, X-ray diffraction, Mossbauer spectroscopy and electron diffrac-
tion. The aging of the samples was followed by Mdssbauer spectroscopy and
X-ray diffraction on solids kept in closed vials at room temperature.

2. Experimental

All chemicals are analytical grade.

Iron(III) hydroxide was precipitated from 250 ml of 1 N iron nitrate solution
by the addition of 125 ml of 25% ammonium hydroxide solution. The gel produced
was rinsed six times with 600 ml of ammonium acetate solution and then dried at
120°C. Solids with different amounts of acetate were obtained by rinsing the gel
with ammonium acetate solution of the following concentrations: 0.5, 2, 5 and 20%
(m/v).

Iron contents were determined by titration with standard potassium bichromate
solution [10]. Carbon elemental analysis was performed in a LECO 761-100 instru-
ment.

Infrared spectra of the samples in the range of 2004000 cm™! were recorded in



M. do Carmo Rangel Varelaet al. / Ferrihydrite crystallization 163

a model 1430 Perkin-Elmer spectrometer using Csl discs. X-ray analysis was done
using a Phillips PW 1130 and a Rigaku instrument employing Co Ka or CuKa.
A model Zeiss EM 902 microscope was used for electron diffraction studies.
Moéssbauer spectra were obtained using a constant acceleration spectrometer
with a triangular reference signal and a source of °’Co diffused in rhodium.

3. Results

Iron and carbon contents of the solids produced vary with acetate concentration
in the rinsing solution. The acetate/iron ratios are in the 0.04 to 0.63 range, as
givenintable 1.

The presence of acetate groups in the solids was detected by absorption bands
at 1600—1400 cm™! [9]in the infrared spectra.

Diffractograms of fresh samples do not show any diffraction lines, which is char-
acteristic of materials possessing a poorly organized crystal structure and small
particles.

After two years, the A sample (acetate/iron = 0.04) shows the most important
diffraction lines of hematite (d = 2.52,2.70 and 3.69 A). For the D sample (acet-
ate/iron = 0.63) there is a weak signal corresponding to the d = 4.21 A line of
goethite, For the other samples the lines of the two iron oxides mentioned above are
notclear (fig. 1).

Electron diffraction of fresh samples confirmed the amorphous character of the
fresh solids.

Mossbauer spectra at 85 K of fresh samples consist of only a sharp well-defined
doublet. In fig. 2 is shown the spectrum of the sample having the lower acetate con-
tent (acetate/iron = 0.04) and for the other samples the spectral shape is the
same. The values of the quadrupole splitting (A) and isomer shift relative to iron
metal (6) are respectively, A = 0.70 + 0.02mm/sand 6 = 0.47 £+ 0.02mm/s.

Moéssbauer spectra at room temperature of the two-years aged samples (fig. 2)
show a doublet with broad lines (I = 0.45mm/s) with A =0.68 +-0.02 and a
§ = 0.34 £+ 0.02 mm/s (table 2). The sample with acetate/Fe = 0.04 shows in addi-
tion a sextet with broad lines (I" = 0.77 mm/s) with an internal magnetic field of
494 kOe and A = —0.24mm/s. The spectral area did not change from 295 to 85 K.

Table 1
Acetate/iron molar ratios in IHA samples and concentrations of ammonium acetate solution used
for rinsing the gels.

Sample Conc. (g/100 ml) Acetate/iron ratio
A 0.5 0.04
B 2.0 0.25
C 5.0 0.50
D 20.0 0.63
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Fig. 1. Diffractograms of ferrihydrite with different amounts of acetate after two years of aging.

At this temperature, the solid with acetate/iron = 0.50 presents almost the same
spectrum as at room temperature. The spectra at 85 K of samples with acetate/Fe
= 0.25and 0.63 show a sextet with low intensity and broad lines. The internal mag-
netic field are 521 and 494 kOe respectively.

4. Discussion and conclusions

The Mossbauer parameters at 85 K of fresh samples are typical of iron hydro-
xides [10,11]. The broad lines show that the solids are formed by small amorphous
particles. It was discussed by other authors [11] that it is difficult to distinguish
the truly amorphous particles from the partially crystallized ones when the crystal-
lites are too small to be detected by X-ray diffraction. The electron diffraction of
fresh samples confirmed their amorphous characteristics.

In the room temperature Mdssbauer spectrum of aged sample with acetate/
iron = 0.04, 19% of the spectral area correspond to hematite. Its low internal mag-
netic field and high linewidth (I" = 0.77 mm/s) indicate the presence of particles
of small size, probably smaller than 10 nm. At 85 K there is a decrease of the line-
width of the sextet. As the sign of the quadrupole splitting did not change as the
temperature decreased, the Morin transition was suppressed till that temperature
[12]. These two last facts also confirm the small size of the particles for which there
is a superparamagnetic relaxation.
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Fig. 2. M&ssbauer spectra of IHA fresh and aged samples with different amounts of acetate. The spec-
tra were recorded at 85 K temperature.

At295 K the spectrum of aged solid with acetate/iron = (.25 shows only a doub-
let. At 85 K, 7% of the spectral area are sextets whose parameters correspond to
hematite. Thus the hematite particles in this sample present the superparamagnetic
relaxation phenomenon due to their small sizes. It is also relevant to emphasize
that the internal magnetic field of the B sample (520 kOe) is lower than that of the A
sample (531 kOe). It shows that the hematite particles in the B sample are smaller
than those in the A sample. So, from the spectral area and the internal magnetic
field data we concluded that the crystallization rate was higher in the A sample than
in the B sample.
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Table 2
Maéssbauer parameters at 295 and 85 K of ferrihydrite with different amounts of acetate (Ac), after
two years of aging.

Sample Ac/Fe T é Pa r H Area
X) (mm/s) (mm/s) (mm/s) (kOe) (%)
A 0.04 295 0.34 0.68 0.48 - 81
0.40 -0.24 0.77 494 19
85 0.42 0.68 0.57 - 82
0.46 -0.15 0.42 531 18
B 0.25 295 0.34 0.66 0.43 - 100
85 0.42 0.71 0.54 - 93
0.48 -0.14 0.60 520 7
C 0.50 295 0.33 0.70 0.45 - 100
85 0.42 0.70 0.52 - 100
D 0.63 295 0.30 0.66 0.45 - 100
85 0.41 0.70 0.50 - 85
0.44 -0.29 1.2 474 15

The solid with acetate/iron = 0.50 showed no appreciable magnetically ordered
fraction, that is, the intensity of the magnetic sextet is too weak to be fitted.

On the other hand, at 85 K 15% of the spectral area correspond to the magnetic
fraction in the spectrum of the acetate/iron = 0.63 sample in the aged sample.
The low value of hyperfine magnetic field as well as the value of the A are consistent
with the presence of goethite in accordance with the X-ray diffraction results. The
evaluation of this magnetic fraction has a great uncertainty in consequence of the
low intensity of this sextet. No magnetic fraction was observed at room tempera-
ture, thus in this sample the phenomenon of superparamagnetism is also present.

These results show that acetate inhibits the hematite formation from ferrihy-
drite. At acetate/iron = 0.50 and above no appreciable hematite is produced. For
solids with acetate/iron = 0.63, goethite is produced instead. So, roughly an acet-
ate/ironratio of 0.50 is enough to prevent hematite formation.

Schwertmann [3] had shown that acetate does not inhibit ferrihydrite crystalliza-
tion. However, his experiments were carried out on suspensions of ferrihydrite in
acidic solutions so that acetate effectiveness in suppressing crystallization depends
on how strongly the acid adsorbs on ferrihydrite as well as on the medium pH.

In our work, acetate is believed to be linked to iron atoms in IHA chains or
adsorbed on iron hydroxide particles and so its role can be directly related to its
concentration in solids.

The “anti-hematitic”’ effect of acetate described in this work has already been
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detected by Kdmpf and Schwertmann [13] while studying the effect of organic mat-
ter in soils. However, it has not been satisfactorily explained nor has it been repro-
duced in the laboratory. The present work shows that synthetic samples can be
used for emulating this important phenomenon.

Moreover, these results show that there is enough mobility within these dry pow-
ders, to allow crystallization to proceed at a detectable rate but very slowly. Earlier
work [14] showed that on fresh samples the mobility is only detectable at tempera-
tures up to 463 K.
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