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Ferric chloride solution was neutralized using sodium hydroxide as the precipitant to the 
extent that the final pH of the suspension was ~ 7. After thorough washing the 
precipitated gel was dried in air at 60 ~ C for 24 h to yield brown ferric oxide hydrate 
xerogel. The xerogel was examined at room temperature using infrared (I R) spectroscopy, 
powder X-ray diffraction (XR D), electron optical measurements, magnetometry and 
Mossbauer resonance spectroscopy. It has been concluded that the structural, 
morphological and magnetic characteristics of the xerogel are identifiable with those of 
the protoferrihydrite phase. 

1. Introduction 
Brown ferric oxide hydrate gels have been studied 
by countless workers. Despite this, differences of 
opinion still persist as regards the structure of the 
gels and the nature of the primary particles that 
constitute them. Weiser and Milligan [1, 2] have 
inferred that the gels consist of extremely minute 
crystals of ferric oxide which hold varying 
amounts of water by adsorption and capillary 
forces. Mackenzie and co-workers [3, 4] indicated 
formation of ~-, /3- and 7-FeOOH or o~-Fe203 
phases in the gels while Kobayashi and Uda [5] 
inferred that the structure of the gel in the short 
range is very similar to that of 3,-FeOOH. On the 
other hand, X-ray scattering studies by Magini [6] 
support Weiser and Milligan's view that the ferric 
sols and gels consist of agglomerates of extremely 
minute primary particles previously formed in 
solution, rather than an amorphous body consti- 
tuted by a continuous network of polynuclear 
complexes linked by oxygen and hydroxy bridges. 
According to van der Giessen [7, 8] the iron(III) 
oxide hydrate gels contained hydroxyl groups 
within their structure and the primary particles 
constituting the gel showed a close resemblance to 
both FeOOH'nH20 and F%O3"nH20 type species. 
Almost similar structural features were suggested 
for the gel studied by Okamoto et  al. [9] and a 
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quasi amorphous structure based on a hexagonal 
close packed oxygen lattice with ferric ions ran- 
domly distributed in the octahedral interstices was 
proposed. This is in conformity with the Towe-  
Bradley structure model for the gel [10] related to 
the haematite structure and with a unit cell 
content of approximately FesHOs"4H20. 

For naturally occurring ferric oxide hydrate 
gels showing similar crystallochemical features as 
were initially indicated by Towe and Bradley [10], 
the name ferrihydrite was proposed by Chukhrov 
e t  al. [11, 12]. This was confirmed by the commis- 
sion on new minerals [13, 14] of the IMA (Inter- 
national Mineralogical Association). Studies 
reported by Chukhrov e t  al. [11, 12], Jackson and 
Keller [15] and Schwertmann and Fischer [16] 
provided initial structural data for identification 
and characterization of ferrihydrite phases on the 
basis of IR spectrum and X-ray and electron 
diffraction measurements. The term protoferri- 
hydrite was used by Chukhrov et  al. [12] to 
describe a slightly less ordered precursor of ferri- 
hydrite. According to Schwertmann et  al. [17], 
the ferrihydrite phase should be regarded as being 
made up of layers of octahedra with iron in the 
centre and O, OH and OH~ as ligands, the octa- 
hedra being arranged similarly to those in haema- 
tite, c~-F%O3. The protoferrihydrite consists of 
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Figure 1 IR spectrum at 300 K of ferric oxide hydrate gel. 

planar arrangements of Fe(OOH,OH2)6 octahedra 
without any stacking perpendicular to that plane 
and can be considered to have the most primitive 
arrangement of Fe(OOH, OH2) 6 octahedra. The 
M6ssbauer spectrum of synthetic ferrihydrite and 
its relationship to other more crystalline iron 
oxide forms has been analysed by Murad and 
Schwertmann [ 18]. 

The studies reported here are a continuation of 
our previous investigations [19-21] on the struc- 
ture and stability of brown ferric oxide hydrate 
gels. IR spectroscopy, XRD, electron optical 
studies, magnetometry and M6ssbauer resonance 
spectroscopy studies aimed at examining the xero- 
gel obtained by neutralization of ferric chloride 
solution with sodium hydroxide at room tempera- 
ture, and oven drying at 60~ for 24h, are pre- 
sented and discussed with a view to providing a 
coherent picture of the structure of the gel. 

2. Experimental procedure 
Brown ferric oxide hydrate gel was prepared by 
dropwise addition of sodium hydroxide (A.R.) 
solution to a freshly prepared and well stirred solu- 
tion of ferric(III) chloride (G. R. Merck) until the 
pH of the suspension was ~ 7. The precipitated gel 
was washed with distilled water until free from 
electrolyte and was dried at 60 ~ C in air in an oven 

for 24h and was stored in a desiccator. The IR 
spectrum of the gel dispersed in the KBr disc was 
obtained in the range 250 to 4000 cm -1 using a 
Beckman Model IR-20 spectrometer. The X-ray 
diffraction pattern of the sample sieved through 
BSS 350 mesh sieve was obtained using a Philips 
PW 1140/90-X-ray diffractometer using Zr-filtered 
MoKa radiation. Electron optical measurements 
were recorded with Philips EM-400 transmission 
electron microscope operated at 60 to 80kV. A 
small quantity of gel ultrasonically dispersed in 
absolute alcohol on to 200mesh copper grids 
covered with a thin film of formvar was taken for 
electron optical examination. Magnetic measure- 
ments were performed using a vibrating sample 
magnetometer VSM model 155, the calibration 
being achieved with high purity nickel showing the 
saturation moment 55 emug -1 with a saturation 
flux of about 8000G. M6ssbauer measurements 
were made at room temperature with a SVCo 
source in a rhodium matrix in standard transmis- 
sion geometry. For the calibration of velocity and 
as a standard for isomer shift values, metallic iron 
foil was used as reference. 

3. Results and discussion 
Fig. 1 shows an IR spectrum of the gel in the 
region 250 to 4000cm -1, while Fig. 2 shows the 
powder XRD features for the gel. In Fig. 3 the 
electron diffraction features and electron micro- 
photographs obtained from the gel are presented. 
The values of the specific magnetization, a, plot- 
ted against magnetic field, H, and of magnetic 
susceptibility per gram, Xg, calculated are given in 
Table I. The M6ssbauer resonance spectrum of the 
gel at room temper~ature is given in Fig. 4. The IR 
spectrum in Fig. 1 shows broad absorption bands 
centred at 3450 and 1640cm -1, respectively 
characterizing the stretching and bending modes of 
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Figure 2 Powder X-ray diffraction pattern at 300 K of ferric oxide hydrate gel. MoKa radiation. 
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Figure 3 (a), (b) Electron micrographs of ferric oxide 
hydrate gel. (a) X8i 000: (b) • 135 000. (c) Electron dif- 
fraction pattern of ferric oxide hydrate gel. 

vibrations for water and structural hydroxyl 
groups [22, 23]. In the 300 to 700cm -1 region, 
strong broad absorption bands due to i r o n -  
oxygen lattice vibrations are observed centred 
around 580 cm -1. It is interesting to observe that 
in the same region a-Fe203 exhibits distinct bands 
located around 560, 452 and 345 cm -~ [24, 25]. 
These features suggest that the gel consists of  a 
hexagonal close packed arrangement of  oxygen 
sublattice similar to that present in c~-Fe203 but 
with little degree of  order among the iron ions as 
indicated by the broad IR bands. The IR spectrum 

of the gel under investigation is devoid of  any 
feature in the region 600 to 1100 cm -1, which cor- 
responds to bending vibrations of  different ferric 
oxyhydroxide modifications i.e. c~-, /3- and 
7-FeOOH [26]. Rather it shows a close resem- 
blance to the IR characteristics reported for proto- 
ferrihydrite and ferrihydrite by Chukhrov et al. 

[121 and Russel [27]. 
The powder XRD pattern (Fig. 2) shows only 

two broad bands having d-values of  0.256 and 
0.149 nm. In the selected-area electron diffraction 
pattern of  the gel (Fig. 3), two sharp rings with d- 
spacings equal to 0.257 and 0 .152nm are 
observed. These features are diagnostic of  proto- 
ferrihydrite [12]. The average crystallite size of  

TABLE I Values of specific magnetization, a, with vary- 
ing magnetic field, H, for brown ferric oxide hydrate 
xerogel 

FMd, H(G) Specific magnet~ation, a(emu) 

1700 0.481 
3750 0.827 
5500 1.190 
6600 1.530 

• magnetic susceptibility per gram, calculated from the 
linear plots of a against H, is 220.0 X 10 -6 emu g-1. 
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Figure 4 M6ssbauer spectrum at 300 K of ferric oxide hydrate gel. 

the gel as determined by X-ray line broadening is 
of the order of 25nm. As shown by electron 
microscopy, the gel is composed of large aggre- 
gates and small discrete subunit particles with well 
separated edges. The discrete subunit particles in 
the size range 7 to 10nm have hexagonal to 
rounded morphology. The aggregates which make 
up the bulk of the gel have a sheet-like appearance 
with a fibrous morphology and flaky micro- 
structure. 

Magnetization data and magnetic susceptibility 
per gram, Xg, as given in Table I, characterize the 
gel to consist of incompletely compensated anti- 
ferromagnetic particles in the superparamagnetic 
state. This agrees well with the pseudohexagonal 
structure of the gels, based on partial occupation 
of Fe 3+ octahedra in a hexagonal close packed 
oxygen sublattice which is essentially the structure 
proposed by Towe and Bradley [10] and by 
Chukhrov et al. for ferrihydrite [12]. Field- 
dependent magnetization and ?(g obtained from 
this are in good agreement with the results 
obtained by van der Giessen [7, 8] and also with 
those reported by Matzen and Poix [28] in a 
recent study. 

M6ssbauer spectrum of the gel at room tem- 
perature consists of broad quadrupole split 
doublet pattern with a shift 6/Fe of 0.37 mm sec  t 
and a splitting ZXEQ of 0.64 mm sec -1. These par- 
ameters characterize Fe 3+ ions in distorted octa- 
hedral sites with a considerable degree of random- 
ness in relation to the distribution and 
incorporation of iron ions in the gel phase as 
reflected by the broadening of the resonance lines. 
The spectrum was resolved into two doublets 
having Lorentzian peak shapes using a least-squares 
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computer program and the parameters extracted 
from them are: 

61 = 0.36mmsec -a, Z~'Q~ = 0.95mmsec -1 

62 = 0.38mmsec -~ and ZkEQ2 = 0.50mmsec -~ 

These results compare well with the M6ssbauer 
studies reported by Murad and Schwertmann for 
synthetic ferrihydrite [18] and with those of 
Childs and Johnston [29] for synthetic protoferri- 
hydrite. The two doublet patterns obtained in 
protoferrihydrite and ferrihydrite can be 
accounted for as marking the two extreme situ- 
ations for the coordination spheres of the Fe a§ 
octahedra in the gel. Thus, the different quadru- 
pole splittings in the doublet spectra arise from the 
different extents of chain propagation and are res- 
ponsible for the extended planar arrangement of 
Fe(OOH, H20)6 octahedra in the protoferrihydrite 
gel structure. Also, these variations may be 
accounted for by the differences in bonding of 
Fe 3§ ions associated with OH groups located, res- 
pectively, at surfaces and deeper in the structure 
of the gel phase, as pointed out earlier in the IR 
spectroscopy study by Russel [27] for ferri- 
hydrite. 

4.  Conc lus ions  
Table II summarizes the data discussed above on 
structural, morphological and magnetic character- 
istics of the xerogel as indicated by the different 
techniques employed. IR spectroscopy, X-ray 
diffraction, electron optical measurements, 
magnetometry and M6ssbauer resonance studies 
on brown ferric oxide hydrate xerogel prepared by 
room-temperature neutralization of ferric chloride 



TABLE II Structural, morphological and magnetic features of the brown ferric oxide hydrate xerogel at room tem- 
perature (300 K) 

Physical method Observed features 

1. Infrared spectroscopy 
2. Powder X-ray diffraction 
3. Selected-area electron diffraction 
4. Electron microscopy 
5. Magnetic measurements 

6. M6ssbauer resonance 

Broad absorption band centred around 3450, 1640 and 580 cm-' .  
Two broad reflections with d-spacings of 0.256 and 0.149 nm. 
Two sharp rings with d-spacings of 0.257 and 0.152 nm. 
Small discrete subunit particles of 7 to 10 nm and their aggregates. 
Field-dependent magnetization, • (magnetic susceptibility per gram) 
~ 220 X 10-6emug -1. 
A two line spectrum with a shift 6/Fe of 0.37 mm sec-' and splitting ZXEQ of 
0.64 mm sec- ' .  
Resolved spectrum yields two Lorentzian doublets with 
61 = 0.36 mmsec- ' ,  zZ~EQ~ = 0.95 mm sec -~ 
and 
~2 = 0.38 mm sec-', ~EQ~ = 0.50 mm sec-', 
respectively. 

solut ion by sodium hydroxide  at pH ~ 7 and oven 

drying in air at 600 ~ C for 24 h showed that  proto-  

ferr ihydri te  is the only phase fo rmed  in the gel. 

This consists o f  a hexagonal  close packed oxygen  

ion c o m p o n e n t  similar to that  o f  a haemat i te .  The 

morpho logy  and micros t ruc ture  of  the gel is 

character ized by the presence o f  hexagonal  sub- 

unit  particles o f  7 to 1 0 n m  and their coherent  

agglomerates,  bo th  possessing the same basic struc- 

ture as that  present in pro tofer r ihydr i te .  The gel 

particles are superparamagnet ic  and have an 

incomple te ly  compensa ted  ant i fer romagnet ic  

structure,  in keeping with  the pseudohexagonal  

structure of  the pro tofer r ihydr i te .  Fi t t ing of  the 

M6ssbauer spec t rum of  the gel resulted in two 

double t  pat terns  wi th  similar isomer shifts but  dif- 

ferent  quadrupole  splittings. The difference in 

quadrupole  splittings arises f rom a dis t r ibut ion in 

the site symmet ry  o f  the iron ions in the gel. The 

doublets  wi th  smaller and larger quadrupole  split- 

tings are observed to be caused by the different  

extents  o f  asymmetr ic  cont r ibut ions  for qLattiee 
f rom the surfaces in the layered structure o f  the 

gel, owing to the different  degrees o f  aggregation 

and chain format ion  by the pr imary particles o f  
pro tofer r ihydr i te .  
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