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Upon the precipitation of iron(III) hydroxide (Fe(OH)s) and magnetite in the presence of poly(vinyl alcohol)
(PVA) at R<3, PVA is bound to the precipitates in very high yields, where R=[PVA polymer residue]/[Fe ion].
The thermal decomposition of the Fe(OH)3-PVA composite at R=1.0 by heating at ca. 700 °C in nitrogen for
10 min or more affords almost pure iron metal particles of ca. 200 A in diameter; almost no residues originating
from the PVA remain. Before formation of the metallic iron, magnetite particles are produced as its precursor
in the 250—650 °C temperature range, where the particle size increases with increasing temperature from ca. 80
up to ca. 350 A in diameter, although these iron and magnetite products are not uniform, but are agglomerate
or sintered particles. In these processes, the initially bound PVA effectively functions as a reducing agent during

its own decomposition.

Iron(IIl) ions interact with various organic com-
pounds, such as carboxylic acids, to form complexes
in aqueous media.!) Iron(III) citrates under alkaline
conditions have been reported to exist as a polymer
sphere comprising an iron(III) hydroxide (Fe(OH)s)
core with citrate ions bound to the surface.? When
the Fe(OH); precipitate is prepared in the presence of
organic compounds, the precipitate generally contains
varying quantities of those compounds, as has been
demonstrated with organic dyes.® Iron(III) acetate hy-
droxide was also prepared as such in the presence of
acetic acid.*® The thermal decomposition of this iron-
(IIT) compound under a nitrogen atmosphere has been
reported to be an interesting procedure for the synthesis
of magnetite (Fe3O4).%%

Iron(III) ions can interact with poly(vinyl alcohol)
(PVA) to form a water-soluble complex,®™ as well as
copper(II) ions.®’ We have previously shown that these
complexes are of an inclusion type in which metal hy-
droxide is included by PVA."® This fact suggests that
the Fe(OH)s precipitate prepared in the presence of a
small amount of PVA must contain PVA. This is the
same for the magnetite precipitate, since very stable
colloidal dispersions of Fe3O4 are readily prepared in
the presence of PVA.% This paper describes the thermal
behavior of the Fe(OH); and Fe3O4 composites of PVA,
with special interest concerning the syntheses of Fe3O4
and metallic iron particles.

Experimental

Materials.  Hydrolyzed (97.5—99.5%) PVA with an
average molecular weight of 22000 was purchased from the
Fluka Chemical Co. Hydrated iron(III) and iron(II) chlo-
rides of guaranteed grade were used without further purifi-
cation as sources of Fe(III) and Fe(II) ions, respectively. In
this work, the concentration of PVA was expressed as PVA
polymer residue in terms of monomeric residues; R is defined
as the ratio [PVA polymer residue]/[Fe ion], where the Fe
ion denotes both the Fe(III) and Fe(II) ions. Easily filter-
able precipitates were obtained under the conditions of R<2

and pH>3 for Fe(OH)3 and of R<2 and pH210 for Fe3O4,
where [PVA polymer residue]=0.083 moldm™3. An exami-
nation of the thermal behavior was carried out for samples
prepared by drying the above-mentioned precipitates at 50
°C in air. The compositions of many samples as well as
their thermal decomposition products were determined by
elemental analysis for C and H and by atomic absorption
spectrometry for Fe. Elemental analysis data for some of
the Fe(OH)3-PVA composite samples at various R values
are as follows: C, 8.72, 11.93, and 14.09; H, 2.59, 3.05, and
3.29; Fe, 33.8, 34.3, and 35.7% for the samples at R=0.625,
1.0, and 1.5, respectively. At present, however, it is difficult
to determine possible chemical formula of the samples from
these data alone.

Measurements. Thermal analyses (TG and DTA)
were recorded on a Shinku-Riko TGD-1500 RH-P differen-
tial thermobalance under dynamic atmospheres of nitrogen
and air. Electron spin resonance (ESR) measurements were
carried out at room temperature and at 77 K for thermal
decomposition products diluted with KBr by using agate
mortar and pestle. X-ray powder diffraction measurements
were carried out on a Rigaku Geigerflex D-3F diffractome-
ter using Cu Ko or Co K« radiation: the JCPDS file was
utilized to identify substances from their X-ray diffraction
data. The thermal decomposition products for which phys-
ical measurements were carried out were prepared by using
the above-described thermobalance under various specific
conditions. Scanning electron micrographs were taken with
a JEOL JSM-T330A scanning electron microscope (SEM).
A BET surface-area determination was made on a Quan-
tachrome Quantasorb Jr.

Results and Discussion

PVA Content in the Fe(OH)3 and FegO,4 Pre-
cipitates. The Fe(OH)3 and FesO4 precipitates pre-
pared under the conditions described in the above ex-
perimental section contain PVA. In order to estimate
the content of PVA in the precipitates dried at 50 °C
in air, thermal analyses in air were attempted, as ex-
emplified by Fig. 1. Exothermic reactions in the 170—
520 °C and 160—500 °C temperature ranges in air for
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Fig. 1. Thermal analyses of the Fe(OH)s precipitate
with PVA at R=1.0 in air: A, thermogravimet-
ric analysis; B, differential thermal analysis. The
amount of PVA in the precipitate was estimated from
the value of Wpva in the figure (see text, as to details
of Wpva).

the Fe(OH);3 and Fe3O4 precipitates, respectively, and
no weight losses are observed above 520 and 500 °C,
respectively. The final decomposition products of the
iron species were a-FesOg, as evidenced by gravimetry
and X-ray diffraction. The above-mentioned exother-
mic reactions are attributed to the combustion of the
PVA involved. On the other hand, ca. 10% of the first
weight loss below 200 °C for the Fe(OH)s precipitates
is due mainly to the dehydration of the Fe(OH)3.1® All
of these facts indicate that the content of PVA in ev-
ery sample can be approximately evaluated from such
a Wpya value, as shown in Fig. 1.

Figure 2 shows plots of the amount of PVA removed
from the solution vs. the R value at which Fe ions and
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Fig. 2. R dependence of the amount of PVA removed

from the solution by the precipitation of Fe(OH)s
(®) and Fe304 (O) at room temperature (initial PVA
concentration: 0.083 moldm™3).
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PVA are mixed in the initial solution. Nearly 100% of

" the PVA are removed from solutions at smaller R val-

ues by the precipitation of Fe(OH)s, as well as by the
precipitation of Fe3O4. Almost the same results were
also estimated from elemental analysis data concern-
ing the wt% C. These facts demonstrate that Fe(OH)3
and Fe3O,4 can be used as excellent reagents for the
recovery of PVA from aqueous solutions. For this pur-
pose, however, these precipitates must be prepared in
the presence of PVA. If PVA is added after the forma-
tion of the precipitates, the recovery of PVA becomes
very low, as suggested by the fact that, under the same
condition, Fe(IIT) ions do not effectively interact with
PVA to form stable complexes, even at R>8.7 Accord-
ingly, Figure 2 gives evidence for the existence of a fairly
strong interaction between PVA and Fe(OH)s or FesO4
particles.

Thermal Behavior of the Fe(OH)3 and FezO,4
Composites with PVA in Nitrogen. The Fe-
(OH)3 and Fe3Oy, precipitates prepared in the presence
of PVA are composites with PVA. Representative ther-
mal analyses under an atmosphere of nitrogen for the
Fe(OH)3-PVA composites are shown in Fig. 3. There
are weight losses due mainly to the cracking of PVA
below 600 °C. The sharp endothermic reactions ac-
companied by substantial weight losses in the tempera-
ture range 650—700 °C are attributed to the reduction
of Fe3O4 to metallic iron by carbonaceous residues, as
will be shown later. All, or part of, the carbonaceous
residues disappear by gasification during the reduction.
When the atmosphere is changed from nitrogen to air
at a constant temperature of 800 °C, the metallic iron
is oxidized to a-FesQO3, being accompanied by a corre-
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Fig. 3. Thermal analyses of the Fe(OH)3—PVA com-

posites at R=1.0 (A) and 1.5 (B) below 800 °C under
an atmosphere of nitrogen, followed by the analyses
in air at a constant temperature of 800 °C.
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sponding weight gain. In the case of R=1.0 (Fig. 3A),
the weight gain was found to be in agreement with the
calculated one, based on the assumption that the de-
composition product at 800 °C in nitrogen is only pure
metallic iron. On the other hand, in the same experi-
ments on samples at R=1.5 and 0.63, no such agreement
was found. For the sample at R=1.5, there remained
some carbonaceous residues in the decomposition prod-
uct at 800 °C in nitrogen, in conformity with the ob-
servation of a small weight loss curve at 800 °C in air
just before a considerable weight gain (Fig. 3B). For a
sample at R=0.63, the reduction of all Fe3O,4 particles
to metallic iron was not complete. These facts suggest
that the amount of PVA in the Fe(OH)3—-PVA com-
posite at R=1.0 is just enough to reduce all of the Fe
ions to metallic iron, as supported by elemental analysis
(Found: C, 0.62, 15.30; H, 0.01, 0.36% for the decompo-
sition products of the sample at R=1.0 at 800 and 700
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Fig. 4. X-ray diffraction patterns (Co K¢; 10 kV; 40

mA) of the samples prepared from the Fe(OH)3-PVA
composite at R=1.0 by thermal decomposition in ni-
trogen at the following temperature (10 min heating
after temperature elevation at a rate of 20 °C min™?):
A, without heating; B, 250 °C; C, 300 °C; D, 500
°C; E, 700 °C; F, 750 °C; G, 800 °C. Peaks with the
marks of O, @, and ¥ are due to Fe3O4, a-Fe, and
NaCl crystals, respectively.
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°C respectively in nitrogen). In other words, the PVA
of the composite disappears without any degradation
products, leaving almost pure metallic iron.

Figure 4 shows the X-ray diffraction patterns ob-
served for samples prepared from the Fe(OH);-PVA
composite at R=1.0 by thermal decomposition by 10
min heating at various desired temperatures after in-
creasing the temperature at a rate of 20 °Cmin~! un-
der a nitrogen atmosphere. NaCl crystals always ap-
pear as an impurity in the thermal decomposition, be-
cause iron(III) chloride and sodium hydroxide are used
as starting materials for the synthesis of the compos-
ites in solutions. However, this NaCl impurity is easily
eliminated by washing the sample with distilled water at
any stage or by dialyzing the composites before drying
and heating. Although unheated Fe(OH);-PVA com-
posites show no X-ray diffraction peaks (Fig. 4A), but
weak and broad peaks due to Fe3O4 appear upon heat-
ing at 250 °C in air. These diffraction peaks become
stronger and sharper with increasing temperature below
700 °C. This fact indicates that the Fe3O,4 crystals grow
at higher temperatures, even in the solid phase, and
that the formation of Fe3O4 goes to completion upon
heating up to 300 °C, judging from its diffraction line
intensity (Fig. 5). It is to be noted that, in this FesO4
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Fig. 5. Plots of the size (®), the relative intensity of

X-ray (311) diffraction peak (O), and the ESR line
width (©) of Fe3Oy particles prepared by thermal
decomposition against the temperature of heating in
nitrogen for the Fe(OH)3~PVA composite at R=1.0
(see Fig. 6 and its caption, as to the ESR line width

(AH)).
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formation, one-third of the iron(III) ions are reduced
to iron(II) ions in the decomposition process of PVA,
and that the stable species of iron in the temperature
range 300—700 °C in nitrogen for this kind of sample is
Fe30,4. Figure 5 also shows a plot of the particle size of
Fe3O,4 in this sample against the temperature of heat-
ing, where the size was evaluated from the line width of
the (311) diffraction peak for Fe3O4 crystals by using
the Scherrer equation.!?) The size of Fe3Q4 particles in-
creases linearly with temperature. The ESR spectra of
the samples prepared in the same way for the compos-
ite at R=1.0 are shown in Fig. 6. All of these spectra
exhibit very broad line widths and remarkably tempera-
ture dependent line shapes. The line width (A H) deter-
mined by room temperature ESR measurements is also
plotted against the temperature of heating, as shown
in Fig. 5. There is a correlation between the ESR line
width and the particle size of Fe3O4. This results sug-
gests that the particle size can also be approximately
estimated by the ESR method. The above-mentioned
correlation, however, is in conflict with the prediction
made by Galembeck et al.,>!? although the reason for
the correlation is not understood.

Figure 4 also shows the sudden appearance of new
peaks attributed to a-Fe at 750 °C. It is interesting to
us to investigate in more detail the dependence of the
production of a-Fe on the thermal decomposition con-
ditions. First of all, it has been revealed that there is an

F—— A —

L ] L 1 0 ]
0.2 0.4
B/mT
Fig. 6. ESR spectra of the powder samples prepared

from the Fe(OH)3-PVA composite at R=1.0 by heat-
ing in nitrogen at the following temperature: A, 300
°C; B, 500 °C; C, 700 °C (A, B, and C, measured at
room temperature); A’, 300 °C (measured at 77 K).
AH in the A spectrum expresses its line width.
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R-dependence of the temperature at which a-Fe parti-
cles appear. The temperatures were approximately 725
and 750 °C for the samples of R=1.5 and 1.0, respec-
tively. This is consistent with a general belief that the
temperature becomes lower as the quantity of reduc-
ing organic compounds becomes greater in the system.
Figure 7 shows X-ray diffraction patterns which focus
attention on the temperature at which a-Fe is formed
for the sample with R=1.0. This figure demonstrates
that hematite and some iron carbides are formed as in-
termediates during the transition process of Fe3O4 to a-
Fe due to temperature elevation, and that the transition
takes place over a very narrow temperature range. From
the line width of the (100) X-ray diffraction peak, the
a-Fe crystals observed in Fig. 7D have been estimated
to be ca. 200 A in diameter. X-Ray diffraction measure-
ments for sample with R=1.5 showed that iron carbides
were much more abundant at 800 °C, followed by a low
yield of a-Fe. The sample with R=1.5 also exhibited
more intense peaks due to iron carbides than that with
R=1.0; the latter peaks were very weak in intensity, as
shown in Fig. 7D. This is another kind of R-dependence
in the thermal decomposition for these composites. It
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Fig. 7. X-Ray diffraction patterns (Cu Ka; 15 kV; 35
mA) of the samples prepared from the Fe(OH)3-PVA
composite at R=1.0 by thermal decomposition under
the same conditions as in Fig. 4: A, 675 °C; B, 700
°C; C, 725 °C; D, 750 °C (see the caption of Fig. 4, as
to O and @ in the figure; weak signals with asterisks
in D are due to iron carbides).
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Fig. 8.

has also been revealed that the thermal decomposition
reaction is dependent on the heating time. In the case
of the sample with R=1.5, the formation of a-Fe was
not only observed upon heating at 725 °C for 10 min,
but also upon heating at 675 °C for 2 h. All of the facts
described above point out that the thermal decomposi-
tion of Fe(OH)3~-PVA composites and related ones is a
new and interesting method to prepare ultrafine metal-
lic iron particles, even though these particles are in an
agglomerate and sintered state.

On the other hand, the Fe30O4~PVA composites dried
at 50 °C in air show X-ray diffraction peaks inherent in
Fe304 crystals. From the width of the (311) diffraction
line, the crystals were estimated to be ca. 170 A in di-
ameter, which seems to be a little larger than that for
Fe30y4 colloids.” These crystals in the composites grew
to ca. 350 A in diameter in the solid phase upon heating
to ca. 700 °C, in a similar way as shown in the case of
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SEM photographs of the Fe(OH)s~PVA composite at R=1.0 (A) and its derivatives prepared by thermal
decomposition in nitrogen at 800 °C (B) and (C) and at 500 °C (D).

Fe(OH)3—PVA composites. Furthermore, there was al-
most no difference between these two composites in the
transition process of Fe3Oy4 to a-Fe due to temperature
elevation.

Figure 8 shows SEM photographs of the Fe(OH)s—
PVA composite (R=1.0) dried at 50 °C in air and then
powdered with agate mortar and pestle as well as its
thermal decomposition products prepared by heating
at 500 and 800 °C in nitrogen. This demonstrates that
all samples do not comprise uniform crystalline parti-
cles, but agglomerate or sintered particles. The starting
composite, itself, has a quite smooth surface, as shown
in Fig. 8A. However, its decomposition product, ob-
tained by heating at 800 °C in nitrogen, has a porous
structure at the surface (Fig. 8B). At higher magni-
fication, the coalescene of many particles of 1—2 pum
diameter and neck formation between the particles are
clearly seen in Fig. 8C. All of these particles appear to
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be covered with a continuous, smooth, and unstructured
skin. Since the BET surface area of this product was
found to be ca. 10 m? g1, its apparently porous surface
structure is not directly linked with a large surface area.
The surface of the thermal decomposition products sim-
ilarly obtained from composites with R=1.5 and 2.0
were quite different and irregular in appearance. Such
a particle morphology and a smooth skin (as shown in
Fig. 8C) may be characteristic of almost pure metallic
iron particles thus prepared by thermal decomposition.
Just for information, a SEM photograph of the thermal
decomposition product obtained by heating at 500 °C
is shown in Fig. 8D. A main iron compound in this
product is Fe3Oy; its surface looks quite different from
any of the above-mentioned ones.

The metallic iron product, the surface SEM pho-
tographs of which are shown in Figs. 8B and 8C, was
found to be considerably stable in air. The stability
was checked by monitoring the X-ray diffraction peak
intensity due to a-Fe. The intensity was slowly reduced
to ca. 60% of its initial value three weeks after.

Thanks are given to Mr. K. Ikeda for his assistance
in the experimental work.
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