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Abstract

Samples of iron oxihydroxides were synthesized from Fe2(SO4)3 and NaOH at room tem-
perature followed by steam treatment in 1 M KOH for several intervals of time. The crystallinity
variation of the goethite in function of ageing was studied by means of Infrared Spectroscopy,
XRD and DTA. The product of dehydration, Fe2O3, maintains the defect structure up to a tem-
perature between 580 to 725°C where an exothermic effect is observed in the DTA due to stress
relief and recrystallization.
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El fendmeno de la cristalizacion en goethitas
con defectos

Resumen

Se sintetizaron muestras de oxihidréxidos de hierro a partir de Fe2(SO4)3 y NaOH a tempe-
ratura ambiente con un tratamiento posterior con vapor de agua en KOH 1 M avarios intervalos
de tiempo. Se estudié la variacion de la cristalinidad de la goethita en funcién del envejecimien-
to mediante IR, DRX y DTA. El Fe2O3 producto de la deshidratacion mantiene la estructura de
defectos hasta una temperatura entre 580 y 725°C donde se observa la aparicién de un efecto
exotérmico en DTA debido a la liberacion de tensiones y recristalizacion.
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Introduction The hydrolysis of ferric salts originates
any of three varieties of iron(lll) oxihydrox-
ides crystalline as a final product: 0, 0 or
3FeOOH (1, 2) and although it occurs with
different relationship of base/Fe(lll) (3), it
could remain for an induction period that
could be relatively long. The abruptincrease
of pH immediately provokes the precipita-
tion of iron(l11) hydroxide poorly ordered (4).
The nature of the hydrolysis and the behav-

Many properties of the iron oxides de-
pend, in high extent, on the chemical com-
position (purity) as well as on the particle
morphology, and thus, on the way of prepa-
ration. For these reasons the methods of
preparation and characterization of iron ox-
ides are widely investigated.

* To whom correspondence should be addressed. Fax: (537) 33-3502. E-mail: canetti@fg.oc.uh.cu, E-mail: co-
rrea@fq.oc.uh.cu, E-mail: jcllopiz@imre.oc.uh.cu

Scientific Journal from the Experimental
Faculty of Sciences, Volume 8 N° 3, September-December 2000



316

Crystallization phenomenon in defective goethites

ior of the precipitation starting from hydro-
lyzed solutions of iron(lll) nitrate, chloride
and perchlorate demonstrate that the anion
plays a very important role in the crystal
growth process.

The presence of sulphate ion influ-
ences the iron(lll) hydrolysis in a different
way with respect to the rest of the anions, in
spite of this, few experiments have been car-
ried out to explain these particularities.
Starting from pH measurements and absor-
bance, Dousma et al. (5) found that, at room
temperature, the iron(lll) sulphate hydroly-
sis originates a mixture of phases
(0-FeOOH, [-Fe,O5; and amorphous precipi-
tate), but at high pH values the goethite is
the favored phase. On the other hand, Music
et al. (6) found that iron(lll) sulphate and
iron(lll) ammonium sulphate hydrolysis at
90°C differ from the rest of the ions in form-
ing Fe(OH)SO, which transform into basic
iron(lll) sulphate of complex composition,
that avoids or suppresses the transforma-
tion to iron(lll) oxides and oxihydroxides.

A particular characteristic of the iron
hydroxide system in solution is the variety of
interconversions that take place between
them. One of the more studied transforma-
tions is the conversion from ferrihydrite
(5 Fe,0409H,0) to goethite and/or hematite
(7). This phenomenon occurs by two com-
petitive mechanisms, which contain the re-
dissolution and the reprecipitation of the ag-
gregation. The latter conduces, additionally,
to the formation of hematite (1-10). Cornell
and Giovanoli have well established the con-
ditions by which the formation of hematite-
free goethite is favored as well as the mor-
phology of the growing particles (4). From
the proportion phase point of view they ob-
served that, at 70°C, the hematite disap-
pears between pH 11.3-14.1 but at 90°C the
total disappearance of J-Fe,O5 only occurs
at pH 13.4.

Heating of the goethite between 230-
270°C leads to [-Fe,O5 formation with heat
absorption. Goethites were classified from

the point of view of the thermoanalytical
characteristics in three types: type I, which
has a sharp exothermic peak at 400°C, type
Il with an endothermic effect at 350°C fol-
lowed by an other exothermic; and type IlI
which is characterized by an endothermic
effect at 350°C. The well crystallized sam-
ples present in the DTA only an endothermic
peak in this interval. Normally, a thermal
treatment of the goethite to temperatures
between 200-600°C results in a crystalline
form of the hematite of bad quality, which is
defined as protohematite. At higher tem-
peratures, protohematite is converted into
the more orderly crystalline variety of
[-Fe,O4 (11, 12).

In a previous work, Cordeiro et al. (13)
have pointed out the dependence of the
band frequency and intensities in the IR
spectra; the XDR peaks intensities and the
DTA profiles on the nickel content of syn-
thetic goethites. These authors correlated
the above properties with the crystalline
content of the final products.

The main objective of the present work
was the synthesis of 0-FeOOH with several
grades of crystallinity and structural disor-
der and their characterization by X-ray Dif-
fraction, DTA and Infrared Spectroscopy.

Experimental

Amorphous hydroxide was prepared by
dropwise addition, with a flow of 4.6 mL/min
under vigorous stirring at 15.9 rad/min, of
1 mol/L sodium hydroxide to 700 mL of
0.6 mol/L iron(l1l) sulphate at 20°C up to pH
13. All the reagents used were of analytical
grade. The resulting precipitate was left to
rest for 4 h and shaken in a plastic recipient
for 140 h at 50°C, then filtered and washed
with distilled water until the filtrate indi-
cated the absent of sulphate ions when
tested with barium chloride. This product
was then dried at 80°C for 2 h in a stove and
denoted as sample F.
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Table 1
Conditions of DTA records and TG
Sample Mass(mg) Spta
F 497 500 V
F2H 427 1mv
F4H 466 1mVv
F8H 494 1mv
F16H 502 1mVv
S: Sensibility.

The transformation of sample F to a
more crystalline precipitate was carried out
by steam treatment in alkaline media. Four
portions of 5 g of sample F were mixed with
50 mL of 1 M KOH in a beaker and then
treated with water vapor stream for 2; 4; 8
and 16 h respectively, these samples are
then referred as: F2H; F4H; F8H and F16H.
Later they were filtered and washed with dis-
tilled hot water until the solution pH drops to
7. Thus, the materials obtained were dried at
50 and 80°C for 2 h at each temperature.

The thermal decomposition of sample
F8H was performed at two different tem-
peratures (505 and 775°C) during two hours
in a furnace with automatic control. The
samples were denoted as FBHA and F8HB,
respectively.

Differential thermal analysis and
thermogravimetry

A Derivatograph Q-1500D of the sys-
tem Paulik-Paulik-Erdey was used. The ex-
perimental conditions were: heating rate
20°C.min"!, maximum temperature
1000°C, TG sensitivity 500 mg, DTG sensi-
tivity 2.5 mV; empty crucible as reference
and dynamic air atmosphere. The other con-
ditions are specified in Table 1 for each sam-

ple.

IR spectroscopy

The infrared spectra were registered in
a 75 IR Specord from 4000 to 400 cm™. Pel-

lets were made mixing 2 mg of the hydroxide
with 98 mg of KBr in an agate mortar.

X-ray diffraction

XRD profiles were recorded using Co-
KOon a DROM 3 diffractometer with mono-
chromator operating at 36 kV and 36 mA.
For the crystallite size determination the
Bartram method was applied (14).

Results and Discussion

The IR spectrum of sample F (Figure
1b) shows no sharp peaks in the zone where
the typical bands of crystallinity of the go-
ethite appear ((FeOH: 890-790 cm™*; [FeO:
630 cm’; [FeO of the net: 450; 425 and 405
cm'l) which agrees with those reported by
Subrt (15) for the ferrihydrite (Figure 1 a). In
the 3700-2600 cm™ region several bands
(related to structure water) are observed,
with a peak at 3450 cm™* and two shoulders
at 3300 and 3000 cm™. Their rate of intensi-
ties is similar to the disordered hydroxide.

The resulting spectra of the samples
derived from F, for the interval between
1300 to 400 cm™, are shown in Figure 2. As
can be seen from the figure, there is an in-
crease in the intensity of the characteristic
bands of the goethite after two hours of
steam treatment, but after four hours there
is no significant variation of these bands.

The X-ray diffraction pattern of sample
F presents some of the principal goethite
lines with very low intensity, while samples
F2H to F16H those lines that initially were
not present or were very weak appear, in-
creasing the intensity gradually. From Fig-
ure 3, the enhancement of the 110; 130; 021
and 111 lines is proportional to the increase
in treatment time. The iron oxihydroxide crys-
tallite size grows, as can be seen, upon com-
paring the intensities of these lines. This pa-
rameter was calculated around 300-350 A,
which agrees with that, reported by Dousma
et al. (5). The XRD results for the sample
treated for 16 hours are listed in Table 2.
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Figure 1. IR spectra of some samples (a: ferrihydrite; b: F; ¢c: FSBHA and d: F8HB).
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Figure 2. IR results of the samples derived

from F by steam treatment in alkaline
media.

Figure 3. Enhancement of some diffraction li-
nes rising treatment time.

Scientific Journal from the Experimental
Faculty of Sciences, Volume 8 N° 3, September-December 2000



D. Canetti, J.R. Correa y J.C. Ll6piz / Ciencia Vol. 8, N° 3 (2000) 315-322 319

Table 2

XRD results of sample F16H

JCPDS Pattern 2-0281 (Goethite) Sample F16H

d(A) 1/1g hkl d(A) VAR hkl
4.18 100 110 4.13 100 110
3.38 10 120 3.38 14 120
2.69 30 130 2.68 30 130
2.58 8 021 2.56 12 021
2.49 16 040 2.49 11 040
2.45 25 111 2.44 45 111
2.25 10 121 2.24 20 121
2.19 20 140 2.18 20 140
1.79 8 211 1.79 10 211
1.72 20 221 1.71 20 221
1.69 10 240 1.69 10 240
1.60 6 231 1.60 8 231
1.56 16 160 1.55 20 160
1.50 10 250 1.50 13 250
1.45 10 061 1.45 10 061

Figure 4. DTAand TG records of hydroxideF.

The DTA and TG records of hydroxide F
are presented in Figure 4. The DTA curve
shows a sharp endothermic peak near
200°C with a shoulder at higher tempera-
tures (between 250-300°C) which is associ-
ated to the evolution water from humidity
and the loss of the OH™ groups respectively,
although the mass decrease extends till very
high temperatures. An exothermic effect
was observed between 500 to 700°C.

Analyzing the corresponding tempera-
tures at the maximum of each exoeffect an
appreciable increment was detected from
samples F to F16H. In the same way, an in-
verse relationship is noticed plotting the
peak area (Figure 5) which reduces as age-
ing increases. The DTA transition tempera-
tures are shown in Table 3 for all the sam-
ples. The TG curve remains practically in-
variable from one sample to another. The
general dehydration mechanism could be
formulated as:
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Figure 5. DTA exoeffect intensities and peak
temperatures plotted vs. treatment

0-FeOOH - 0.72H,0(s) = a-FeOOH - 0.05H,0(s)
+0.67 H,0(q) [1]

a-FeOOH - 0.05H,0(s) = 0.5 a-Fe,0, - 0.1H,0(s)
+0.5 H,0(g) [2]

a-Fe,0, - 0.1H,0(s) = a-Fe,0,(s) + 0.1 H,0(g) [3]

When qualitative phase analysis was
carried out by X-ray diffraction for samples
F8HA and F8HB, it could be seen that both
products correspond to the [0-Fe,O5; phase.
The evaluation of the powder X-ray diffrac-
tion pattern of sample F8HA is given in Ta-
ble 4 and the IR spectra of the two samples
(F8HA and F8HB) are shown in Figure 1c
and 1d.

The iron oxihydroxide obtained in cold
starting from a ferric sulfate solution pres-
ents a disordered structure which, trans-
forms into goethite phase when treated in
alkaline media without sulphate ions.

A defective goethite has some thermo-
analytical differences compared with a crys-

time. tallized one. In the DTA record of disordered
Table 3
Temperature transitions in DTA
Compound Effect Character Tstart. (°C) Tmax. (°C) Tend (°C)
F 1. Endo 50 170 330
2. Endo 330 350 395
3. Exo 450 580 685
F2H 1. Endo 40 135 295
2. Endo 295 335 375
3. Exo 525 615 685
F4H 1. Endo 60 165 305
2. Endo 305 345 395
3. Exo 540 635 725
F8H 1. Endo 50 165 310
2. Endo 310 350 385
3. Exo 550 640 735
F16H 1. Endo 30 140 300
2. Endo 300 335 400
3. Exo 650 725 805
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Table 4
XRD analysis results for the sample FBHA

JCPDS Pattern (Hematite) Sample F8HA
dA) VAR hkl d(A) VAR hkl
3.68 18 012 3.67 20 012
2.69 100 104 2.69 100 104
2.51 75 110 2.52 100 110
2.20 18 113 2.20 50 113
1.84 63 024 1.83 40 024
1.69 63 116 1.69 50 116
1.60 13 018 1.60 30 018
1.49 50 214 1.48 40 214
1.45 50 300 1.45 50 300

goethites the endothermic effect corre-
sponding to the superficial dehydration wa-
ter and those due to the dehydroxilation
process appear overlapped (16).

The non-structural water associated
with the hydroxide is not totally released in
the initial heating stage but still lasts after
the OH™ groups leave the structure. How-
ever, the evolution of this remnant water
does not involve a net heat energy absorp-
tion since the exothermic character of the
transformation due to the more orderly
hematite phase formation prevails.

The iron oxide obtained by the dehy-
dration of the disordered goethites deals
with a great quantity of defects, which, upon
reaching a temperature between 580 to
725°C, are partially eliminated with heat en-
ergy evolution. The heat evolved depends on
the crystallinity grade of the original oxihy-
droxide. From the kinetic point of view (17),
a system composed by the same group of at-
oms (Fe and O), forming a similar structure
but with proportionally different net ten-
sions, should present the same energy tran-
sition state level before reaching the same fi-
nal state of energy content (U-Fe,O5 defects
free). As each original oxide presents minor

level of energy due to the fact that it pos-
sesses lesser concentration of defects, then
the phenomenon involves a minor quantity
of heat each time (see Figure 5), but requires
a greater activation energy and therefore a
greater temperature.

Conclusions

1. The fast ageing of ferrihydrite gives
rise to the formation of defective goethite
which possess different thermoanalytical
characteristics from the well crystallized.

2. A better crystallized goethite could
be obtained by long treatment times of the
disordered oxihydroxide.

3. Alphairon(lll) oxide obtained as a re-
sult of the thermal decomposition of the go-
ethite has a quantity of defects proportional
to the original oxihydroxide. The hematite
after the exothermic DTA effect, appears
pure and better crystallized.

Acknowledgements

Authors thank the support from the
Materials Research Institute (IMRE) of Ha-
vana University.

Scientific Journal from the Experimental
Faculty of Sciences, Volume 8 N° 3, September-December 2000



322

Crystallization phenomenon in defective goethites

References

FEITKNECHT W., MICHAELIS W. Helv
Chim Acta 45: 212-224, 1962.

FEITKNECHT W., GIOVANOLI R., MI-
CHAELIS W., MULLER M. Helv Chim Acta
56: 2847- 2856, 1973.

KNIGHT R. J., SYLVA R. N. J Inorg Nucl
Chem 36: 591-597, 1974.

CORNELL R. M., GIOVANOLIR. Clays Clay
Miner 33: 424-432, 1985.

DOUSMA J., DEN OTTELANDER D., DE
BRUYN P. L. J Inorg Nucl Chem 41: 1565-
1568, 1979.

MUSIC S., VERTES A., SIMMONS G. W.,
CZAKO-NAGY I., LEIDHEISER H. Jr. J Col-
loid and Interface Sci 85: 256-266, 1982.

CORNELL R. M., GIOVANOLI R., SCHNEI-
DER W. J Chem Techn Biotechnol 46:
115-134, 1989.

SCHWERTMANN U., FISCHER W. R. Z
Anorg Allg Chem 346: 137-142, 1966.

FISCHER W. R., SCHWERTMANN U. Clays
Clay Miner 22: 33-37, 1975.

10.

11.

12.

13.

14.

15.

16.

17.

SCHWERTMANN U., MURAD E. Clays
Clay Miner 31: 277-284, 1983.

KAUFFMAN K., HAZEL F. J Inorg Nucl
Chem 37: 1139-1148, 1975.

YARIV S., MENDELOVIOCI E., VILLALBA
R., COHEN M. Nature 279:519-520, 1979.

CORDEIRO A., CORDEIRO C., GONZALEZ
M. Ciencia 5: 227-234, 1997.

BARTRAM S. F. In: Kaelble E F (ed) Hand-
book of X Rays Mc Graw-Hill Book Co, New
York, 17:1-6, 1967.

SUBRT J., HANOUSEK F., ZAPLETAL V.,
LIPKA J., HUCL M. J Thermal Anal 20:
61-69, 1981.

CANETTI D. Termodinamica de los oxihi-
droxidos de hierro(lll) (MSc Thesis), Univer-
sidad de La Habana, Ciudad de La Habana
(Cuba), p 56, 1996.

CORREA J. R., CANETTI D., HUANOSTA
A., GIOVANOLI R. The crystallization of
iron(l1) oxide obtained from disordered go-
ethites, 14" |nternational Congress of
Electron Microscopy. Cancun (Mexico) pp
325-326, 1998.

Scientific Journal from the Experimental
Faculty of Sciences, Volume 8 N° 3, September-December 2000



