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Abstract-The conversion of akaganeite to goethite and/or hematite in alkaline media has been followed 
by X-ray powder diffraction and transmission electron microscopy (TEM). The rate of transformation 
fell and the amount ofhematite in the product increased as the [OH-] decreased to < I M. Kinetic studies 
and TEM indicated that the transformation involved dissolution of akaganeite followed by reprecipitation 
of goethite and/or hematite. The rate-determining step was the dissolution of akaganeite. 

Silicate species retarded the formation of goethite + hematite principally by inhibiting dissolution of 
akaganeite; to a lesser extent, they interfered with the nucleation of goethite. Silicate modified the mor
phology of goethite, but not hematite. 

Comparison of the transformation behavior ofakaganeite with that previously observed for ferrihydrite 
indicated that the composition ofthe reaction product depended strongly on the transformation conditions, 
i.e., pH and the presence of foreign species. The nature of the solid precursor was important insofar as 
its degree of crystallinity governed the dissolution kinetics and its surface properties influenced interaction 
with any foreign species in the system. 

Key Words-Akaganeite, Dissolution, Goethite, Hematite, Iron oxides, Transmission electron micros
copy, X-ray powder diffraction. 

INTRODUCTION 

A characteristic feature of the iron oxide/hydroxide 
system is the variety ofinterconversions that take place 
between the different compounds. In general, these 
transformations involve either a topotactic reaction or 
a dissolution-reprecipitation mechanism. Interconver
sions between different iron oxides are important in 
soils and aquatic systems, in the formation of iron ore 
deposits, and in corrosion processes. They are also uti
lized industrially; e.g., magnetic iron oxide (,,),-Fe20 3) 
is produced from goethite (a-FeOOH) in a series of 
steps involving dehydration to hematite (a-Fe20 J), re
duction to magnetite (FeJ0 4 ) and finally, re-oxidation 
to maghemite (")'-Fe20 3) (Winter, 1979). 

One of the most intensively studied transformations 
is the conversion offerrihydrite (5Fe203' 9H20) to goe
thite and/or hematite (Cornell et al., 1989). The latter 
compounds appear to be the most stable of all the iron 
oxides and are the end members of many transfor
mation pathways. This characteristic is probably re
sponsible for the fact that these two compounds are 
widespread in natural systems. Preliminary experi
ments in this laboratory showed that in alkaline media 
at temperatures < 100°C, the rate of conversion of iron 
oxides/hydroxides to goethite followed the order: fer
rihydrite > ,,),-FeOOH > /3-FeOOH > Fe30. ~ 
,,),-Fe20 3 > o-FeOOH. 

Comparison of the transformation behavior of these 
different compounds can provide information about 
the mechanisms offormation ofgoethite and hematite. 

With the exceptions ofiepidocrocite (Schwertmann and 
Taylor, 1972a) and ferrihydrite (Schwertmann and 
Murad, 1983; Cornell and Giovanoli, 1985) the trans
formations in alkaline media of the other compounds 
listed above have not been studied in any detail. 

The present work considers the products and kinetics 
of the conversion ofakagam!ite (/3-FeOOH) to goethite 
and hematite in alkaline media. A specific objective 
was to learn how the degree of ordering of a precursor 
influences the kinetics and products of the transfor
mation. For this purpose, the behavior of akaganeite 
was compared with that of ferrihydrite (described in 
Corn ell and Giovanoli, 1985) and lepidocrocite. Fer
rihydrite is a poorly ordered material, and lepidocro
cite is a crystalline material having a layer structure; 
differences in their transformation behavior from that 
of akaganeite (which has a tunnel structure) might, 
therefore, be expected. 

A further aim of this investigation was to consider 
the effect of a foreign anion-monomeric silicate-on 
the kinetics of the transformation ofakaganeite and on 
the morphology of the reaction products. Silicate was 
chosen because it is widespread in natural systems and 
is believed to retard goethite formation (Carlson and 
Schwertmann, 1981) and because laboratory experi
ments have shown it to retard markedly the transfor
mation of lepidocrocite (Schwertmann and Taylor, 
1972b) and ferrihydrite (Cornell et aI., 1987) to goe
thite. 

The overall goal of the present investigation was to 
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estimate the comparative importance of the nature of 
the precursor vs. the reaction conditions (e.g., pH, pres
ence of foreign species) on the formation of goethite 
and hematite and ultimately to provide a better un
derstanding of the formation of these oxides in natural 
systems. 

EXPERIMENT AL 

The transformation experiments were carried out by 
reacting 0. 1 g of akaganeite (or, in some experiments, 
lepidocrocite) with 100 ml of KOH at 70°C for as long 
as 500 hr. Some long-term experiments were carried 
out at room temperature for 2 years. The solid was 
lightly ground in an agate mortar to break up aggre
gates; preliminary experiments indicated that the pres
ence of aggregates led to erratic results. The concen
tration of KOH ranged from 0.005 M to 5 M; most 
experiments were carried out at between 0.01 and 1.0 
M KOH. These levels of KOH were used to facilitate 
comparison with earlier studies of the transformation 
of ferrihydrite (Cornell and Giovanoli, 1985; Cornell 
et al. , 1987) and lepidocrocite (Schwertmann and Tay
lor, 1972a, I 972b), both of which involved KOH con
centrations > 0.1 M. The mechanisms by which these 
oxides transform into goethite/hematite are indepen
dent of pH, at least in the range 6 to 13 (Schwertmann 
and Taylor, 1972a; Schwertmann and Murad, 1983); 
hence, results obtained at high pH should be applicable 
to natural systems. Additional experiments involved 
alkaline transformations (0.1 to I M KOH) in the pres
ence of either 5 M KNO) or silicate (10-5-2 x 10-) M, 
i.e., Si:Fe = 0.001-0.2). The reaction products were 
washed, dried at 50OC, and examined by X-ray powder 
diffraction (XRD), transmission electron microscopy 
(TEM), and scanning electron microscopy (SEM). 

XRD patterns were obtained using a Guinier-Enraf 
camera (Mk IV) with FeKa I radiation. The proportions 
of goethite and hematite in the product were estimated 
by comparison with a series of standards made by mix
ing known amounts of synthetic goethite and hematite. 
The 110 and III reflections of goethite and the 102 
reflection of hematite were used. 

The kinetics of the transformation were followed 
using a series ofakaganeite-KOH suspensions. At pre
determined intervals, samples were removed for XRD 
and TEM examination. The extent of transformation 
was expressed in terms of the disappearance of aka
ganeite; this facilitated measurements if the product 
was a mixture ofgoethite and hematite. The proportion 
of akaganeite remaining at any time was estimated with 
the aid of calibration curve made by mixing known 
amounts of synthetic akaganeite and goethite, or ak
aganeite, goethite, and hematite, depending on whether 
or not the product was a mixture of compounds. The 
110 reflection of akaganeite was used for comparison. 
If a mixture of phases was produced, the goethite:he
matite ratio in the calibration series was held constant. 

Preliminary studies showed that this ratio varied only 
slightly during the reaction. 

TEMs were obtained with a Hitachi H-600-2 (100 
kV) electron microscope. The samples were dispersed 
ultrasonically in twice-distilled water, and a drop of 
suspension was dried on a carbon-coated bronze grid. 
Replicas were made by evaporating carbon and shad
owing with chromium at 15°, followed by dissolving 
the oxide from the carbon coat with I M HF/HCI. 
SEMs were obtained on gold-sputtered samples in a 
JEOL JSM 840 scanning electron microscope. 

Stock solutions containing 3 x 10- ) M H 4Si04 (pH 
3) were prepared according to the method of Santschi 
and Schindler (1974). The adsorption of silicate on 
akaganeite or lepidocrocite was investigated by equili
brating I g of oxide in 100 ml of silicate solution ([OH-] 
= 0.5 M) for 24 hr. The solution was centrifuged, and 
the amount of silicate remaining in solution was mea
sured by a molybdenum blue method (Vogel, 1961). 
The amount of silicate adsorbed by the oxide was found 
by difference. 

Akaganeite was prepared by hydrolyzingO.S M FeCI) 
solution at 60°C for eight days. This material, which 
consisted of cigar-shaped crystals and had a BET sur
face area of 35 m2/g, was used for most experiments. 
A second sample, consisting of rod-shaped crystals (BET 
surface area = III m2/g) was prepared according to 
the method of Patterson and Tait (1977). Partly hy
drolyzed FeCI) solution (OH:Fe = 0.5) was held at 
room temperature for 50 hr. The OH:Fe ratio was then 
increased to 2.75 with KOH, and the suspension was 
heated at 70·C for seven days. Lepidocrocite was pre
pared by the urotropin method of Brauer (1954). This 
material consisted of very thin, lath-like crystals and 
had a BET surface area of77 m2/g. Both oxyhydroxides 
were washed by dialysis and dried at 50·C. 

RESULTS 

Between pH II and 15, akaganeite transformed to 
goethite or a mixture of goethite + hematite. The ki
netics of the reaction and, in turn, the proportion of 
hematite in the product depended principally on [OH-] 
and on the morphology (cigar-shaped or rod-shaped) 
of the crystals. 

Reaction products (Table 1) 

The cigar-shaped akaganeite crystals transformed to 
goethite in the range [OH-] = 0.5-2 M; outside this 
range, hematite + goethite were identified in the prod
uct. The proportion of hematite formed increased 
markedly as [OH-] decreased to < 0.5 M. These results 
are qualitatively similar to those found by Cornell and 
Giovanoli (1985) for the effect of[OH-] on the trans
formation products of ferrihydrite. The XRD patterns 
of both goethite and hematite formed from akaganeite 
showed sharp lines (28 < 0.2°), indicating a well-crys-
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Table 1. Proportion ofhematite formed from akaganeite vs. 
[OH-j. 

Hematite (%) from 

[OH](M) Cigar-shaped crystals Rod·shaped crystals 

5 20 
2 0 
1 0 10 
0.5 0 
0.2 10 30 
0.1 20 50 
0.01 55 80 
0.005 90 95 

The other transformation product was goethite. The reac
tion was carried out at 70·C. 

tallized product in all experiments. Lepidocrocite 
changed to goethite alone in the range [OH-] = 0.1-4 M. 

Akaganeite (and lepidocrocite) could be induced to 
transform to a mixture of goethite + hematite, even 
in 1 M KOH, by increasing the ionic strength of the 
system to 6 M (by addition of KNO J). 

The addition of 10% seed crystals of either goethite 
or hematite to a suspension ofakaganeite in 0.1 or 0.0 1 
M KOH did not promote the formation of additional 
goethite or hematite. 

The presence of silicate led to an increase in the 
amount ofhematite in the product in 0.1 M KOH, but 
in the range 0.5-1.0 M KOH, only goethite formed, 
even in the presence of silicate concentrations as high 
as 2 x 10-3 M. 

The proportion of hematite in the transformation 
product of the rod-shaped akaganeite was greater than 
for the cigar-shaped crystals at any particular [OH-] 
(Table I). Even in 1 M KOH the rod-shaped sample 
was converted into a mixture of hematite (10%) + 
goethite. 

Kinetics 

Figure 1 shows that the plot of the extent of con
version of akaganeite to goethite or to goethite + he
matite, vs. time was approximately sigmoidal. This 
shape was maintained over a range of OH- concentra
tions and was independent of whether a single product 
or a mixture was obtained. The initial slow stage was 
considerably extended, and the rate of overall trans
formation fell as [OH-] decreased (Figure 1). Seeding 
the system with goethite did not reduce the slow stage 
nor accelerate the overall reaction. 

Increasing the ionic strength to 6 M strongly retarded 
the reaction: in 1 M KOH with 5M KN03 added, only 
about 20% of the akaganeite had transformed after 
seven days, compared with 100% conversion within 
24 hr in 1 M KOH alone. 

Despite having a much higher surface area, the rod
shaped akaganeite changed to goethite + hematite far 
more slowly than did the cigar-shaped crystals (Figure 
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Figure 1. Extent of transformation of cigar-shaped akaga
neite vs. time at 70·C: (A) I M KOH, (B) 0.1 M KOH. Inset: 
Extent of conversion of rod-shaped akaganeite vs. time in I 
M KOH, 70·C. 

1, inset). At present, no explanation for this result can 
be offered. 

The dissolution data could not be fitted to a first
order rate law (as can be the data for the transformation 
of ferrihydrite; see Schwertmann and Fischer, 1966), 
nor did they follow the cube root law (Hixon and Crow
ell, 1931). A good fit (0-90%), however, was obtained 
using the Avrami-Erofev law (Brown et al., 1980): 

(In(1 - a))'h = kt, 

where a is the extent of the transformation. The same 
law has been applied successfully to the acid dissolution 
ofakaganeite (Cornell and Giovanoli, 1988). This find
ing, together with the observation that seeding did not 
influence the reaction, suggests that the rate-determin
ing step in this transformation was the dissolution of 
akaganeite, not the nucleation or growth ofthe product. 
The Avrami-Erofe'ev law provided no information 
about the dissolution reaction apart from indicating 
that surface, not diffusion control operates. 

Information about the formation of goethite + he
matite from akaganeite was obtained from XRD pat
terns of samples taken at intervals during a transfor
mation in 0.1 M KOH. The XRD pattern of the first 
sample (taken after 24 hr and corresponding to 5% 
transformation) showed reflections of both goethite and 
hematite indicating that both products nucleated dur
ing the initial stage of the reaction. Far more goethite 
than hematite nucleated in this system: after 24 hr, the 
ratio goethite/(goethite + hematite) = 4. This ratio 
remained about constant (± 10%) during the entire 
transformation, suggesting that it was the extent of 
nucleation of each of the products that determined the 
final goethite/hematite ratio. 
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Figure 2. Transmission electron micrographs of akaganeite: 
(a) cigar-shaped crystals; (b) rod-shaped crystals. 

Effect of silicate on the transformation 

Even low levels of silicate (5 x 10-5 M) retarded the 
transformation in 1 M KOH to some extent; with 2 x 
10-3 M silicate, only about 30% conversion had taken 
place after eight weeks (1 M KOH, 70°C). The retarding 
effect of silicate is, however, less than for ferrihydrite; 
according to Comell et al. (1987), 10-3 M silicate in
hibited the transforrpation in 1 M KOH for 3-4 months. 

One effect of silicate was to extend the initial slow 
stage of the reaction from 3.5 hr (control, 1 M KOH) 
to 30 hr (10-4 M silicate). Seeding with goethite reduced 
the extent of the slow stage and thereby accelerated the 
overall reaction; it did not, however, overcome the 
effect of silicate completely. Schwertmann and Taylor 
(1972b) reported that although silicate strongly retard
ed the conversion oflepidocrocite to goethite in alkali 
media, the effect could be overcome entirely by ad
dition of seed crystals ofgoethite. These authors, how
ever, used comparatively low Si:Fe ratios (0.008) and 
very concentrated suspensions (12 g oxide/liter). In the 
present work, the Si:Fe ratio was as high as 0.2; under 
these conditions, the influence of silicate could not be 
eliminated by seeding. 

Adsorption measurements showed that significant 
amounts of silicate adsorbed on both akaganeite and 
lepidocrocite in alkaline media. For example, in 0.5 M 
KOH, the maximum uptake of silicate corresponded 
to one adsorbed silicate ion174 A2; for lepidocrocite, 
uptake was much less, with one silicate ion!212 A2 
being adsorbed. 

Electron microscopy 

The akaganeite sample used for most experiments 
consisted of cigar-shaped crystals having an average 

~ 

Figure 3. Transmission electron micrographs of goethite 
formed from akaganeite in KOH: (a) acicular crystals formed 
from cigar-shaped akaganeite in I M KOH; (b) acicular crys
tals formed from rod-shaped crystals in I M KOH; (c) acicular 
crystals grown in 0.01 M KOH together with some partly 
dissolved crystals of cigar-shaped akaganeite (arrowed). 
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length of3300 A and an average width of600 A (Figure 
2a). The second sample consisted of much smaller, rod
shaped crystals, as long as 600 A and as wide as 60-
150 A (Figure 2b). Both types of crystals were elongated 
in the [001] direction. 

Goethite obtained from akaganeite displayed a range 
of sizes and morphologies depending on the reaction 
conditions (Figure 3). The cigar-shaped akaganeite 
transformed in 0.5-1 M KOH to acicular crystals of 
goethite as long as 2.5 ~m together with some smaller 
crystals, about 0.5 ~m in length (Figure 3a). The large, 
acicular crystals were terminated by rectangular or very 
irregular faces. These crystals were defective, contain
ing numerous shallow, irregular pits on the surfaces 
and at edges. The large size of the crystals suggests 
limited nucleation, whereas the surface imperfections 
indicate interference in growth, probably the result of 
temporary blocking by adsorbed OH- of the mobility 
paths on the goethite nuclei. Similar large, defective 
crystals have been grown from ferrihydrite in 5 M KOH 
(Cornell and Giovanoli, 1985). 

As the [OH-] level decreased, the goethite crystals 
became shorter and thinner. In 0.1 M KOH, the crys
tals were as long as 1.6 ~m and 0.02-0.14 ~m across, 
and in 0.01 M KOH, the crystals were somewhat short
er (0.3-1.2 ~m) (Figure 3c). These crystals typically 
were terminated by well-formed 021 planes, a feature 
that is consistent with slower growth and a reduced 
level of interfering species than at higher [OH-I. 

Goethite grown from rod-shaped akaganeite con
sisted of acicular crystals as long as 2.3 ~m, together 
with shorter acicular crystals and many thin, short crys
tals (Figure 3b). 

The presence of silicate species (1-2 x 10-3 M) mod
ified the morphology of goethite grown from akaganeite 
or lepidocrocite in 0.5 M KOH. The acicular crystals 
were shorter and thicker than those grown in the ab
sence of silicate. In addition, some more or less hex
agonal crystals and equant or bipyramidal crystals were 
observed (Figure 4a and 4b). A similar mixture ofmor
phologies was noted for goethite grown from ferrihy
drite in the presence of high levels of silicate, the shape 
modification being attributed to enhanced develop
ment of the 021 planes of goethite due to preferential 
adsorption of silicate species on these faces (Cornell et 
aI., 1987; Cornell and Giovanoli, 1987). 

In the presence of2 x 10-3 M silicate in 0.5 M KOH, 
complete conversion ofakaganeite to goethite at room 
temperature required two years. The crystals that grew 

f--

Figure 4. Electron micrographs of goethite grown from ak
aganeite in 0.5 M KOH in the presence of2 x 10-3 M silicate: 
(a), (b) transmission electron micrographs of mixtures ofacic
ular, hexagonal, and equant (arrow) crystals ofgoethite, 70·C; 
(c) scanning electron micrograph of a mixture of goethite crys
tals grown at room temperature over two years. 
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Figure 5. Transmission electron micrographs of hematite 
grown from akaganeite in 0.005 M KOH, 700c: (a) hematite 
plates and hexagons together with acicular crystals of goethite; 
(b) replica ofhematite plates (and goethite needles) grown in 
the presence of 5 x 10-4 M silicate. 

under these conditions were well-developed and as wide 
as 0.5 ~m (Figure 4c). 

Hematite grew from akaganeite in 0.0 I M KOH as 
round or hexagonal plates between 1.3 and 2 ~m in 
diameter (Figure Sa). This hematite was purple, un
doubtedly due to the comparatively large size of the 
crystals. Variations in the color of hematite from red 

to purple as the crystal increases in size from 0.1 to 
1.0 ~m and the adsorption spectrum changes are 
well documented (Winter, 1979). Such large plates of 
hematite have also been obtained from ferrihydrite, 
but only in 5-6 M KOH (Comell and Giovanoli, 1985). 
In the presence of silicate (5 x 10-4 M), hematite also 
grew as large plates (Figure 5b). Ellipsoidal crystals 
similar to those of hematite grown from ferrihydrite 
in the presence of 10-4 M silicate (Comell et al .. 1987) 
were not observed. 

Progress of the transformation of 
cigar-shaped akagam?ite 

In I M KOH, small crystals of goethite appeared 
during the earliest stage of the transformation and grad
ually increased in size. Some further nucleation con
tinued to about 15% reaction. 

TEM showed that the transformation involved the 
gradual dissolution of akaganeite and the simultaneous 
appearance of the reaction products. No ferrihydrite 
intermediate was detected at any stage of the transfor
mation at any [OH-]. As the transformation proceded, 
the akaganeite crystals became increasingly smaller. 
Initially, dissolution was concentrated at the ends of 
the crystals, which developed a pointed appearance 
(Figures 3c); with time, overall surface attack was also 
noted. Aggregation ofthe crystals as a preliminary stage 
before the appearance of hematite or goethite was not 
observed at any [OH-]. 

The morphological changes resulting from dissolu
tion in KOH were quite different from those observed 
in HCI (Comell and Giovanoli, 1988), although the 
same sample of akaganeite was used in each investi
gation. During acid dissolution the crystals first de
veloped squared ends and then became steadily short
er; little surface attack took place. 

Schwertmann and Taylor (1972a) reported that in 
the presence of sufficient silicate to inhibit goethite 
formation, the morphology of lepidocrocite changed 
from laths to cubes; this behavior was interpreted as 
dissolution oflepidocrocite followed by reprecipitation 
on the remaining crystals oflepidocrocite (goethite nu
clei not being available as a sink for soluble ferric 
species). In the present work lepidocrocite recrystal
lized from laths to thin, diamond-shaped plates in the 
presence of 2 x 10-3 M silicate. Akaganeite, on the 
other hand, showed no evidence of recrystallization in 
the presence of silicate; if goethite formation was re
tarded or inhibited, the crystals of akaganeite remained 
unchanged. Uptake of silicate on lepidocrocite was less 
than on akaganeite; possibly because adsorption on 
lepidocrocite may have been localized. Adsorbed sil
icate may have been present only at the edges and not 
on the (0 I 0) surfaces of the crystals as is the case for 
phosphate (Lewis and Farmer, 1986). Thus, in the pres
ence of sufficient silicate to block goethite nucleation, 
lepidocrocite was able to recrystallize onto lepido-
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crocite surfaces that were not blocked by adsorbed sil
icate. On the other hand, for akaganeite, the greater 
adsorption of silicate required a more uniform distri
bution of adsorbed species, in which case, recrystalli
zation was more difficult to achieve. 

DISCUSSION 

Kinetic data and TEM evidence indicated that in 
alkaline media, akaganeite dissolved and reprecipitat
ed as goethite or hematite. The rate-determining step 
was the dissolution of akaganeite, not nucleation or 
growth of the products. Goethite also forms from fer
rihydrite (Schwertmann and Fischer, 1966) and lepi
docrocite (Schwertmann and Taylor, 1972a) by a dis
solution-reprecipitation mechanism. Hematite, on the 
other hand, forms from ferrihydrite by an internal de
hydration-rearrangement mechanism (Feitknecht and 
Michaelis, 1962; Schwertmann and Fischer, 1966), and 
a similar mechanism might have been expected in the 
case of akaganeite. The hematite crystals were, how
ever, 10- to WO-fold larger than those ofthe akaganeite 
precursor; for such large crystals to have formed by a 
solid-state transformation, preliminary aggregation of 
the akaganeite crystals must have taken place. No TEM 
evidence, however, was found for this aggregation step. 
An alternative possibility is that akaganeite dissolved 
and reprecipitated as ferrihydrite, which then trans
formed to hematite. No ferrihydrite intermediate was 
detected by TEM, however, at any stage of the trans
formation. Furthermore, hematite grows from a fer
rihydrite-silicate system as ellipsoidal crystals (Cornell 
et al., 1987), whereas the presence of silicate did not 
modify the morphology of hematite grown from aka
ganeite. Thus, in the akaganeite-KOH system, hema
tite, as well as goethite, formed from soluble ferric 
species released by dissolution of the solid precursor. 

In solution, akaganeite undergoesa variety oftrans
formations depending on the reaction conditions (Fig
ure 6). In acid media it changes to hematite (Atkinson 
et al., 1977; Hamada and Matijevic, 1982), and in 
reducing, alkaline conditions, it goes to magnetite (Ble
sa et aI., 1986); these transformations all involve dis
solution of akaganeite as a preliminary step. 

Although the different oxyhydroxides of iron dis
solve according to different rate laws, the transfor
mations in alkaline media of ferrihydrite (Cornell and 
Giovanoli, 1985), akaganeite, and lepidocrocite are 
similar in that all three compounds transformed to 
goethite in an intermediate pH range and to a mixture 
of goethite + hematite outside this region. For ferri
hydrite, this variation in product composition has been 
attributed to variations in the rates of competitive for
mation of goethite and hematite with pH (Cornell et 
al., 1989). The pH range in which goethite alone forms 
is much wider for ferrihydrite (pH 11.3-15, Cornell 
and Giovanoli, 1985) than that found in the present 
work for akaganeite or lepidocrocite. In all experi-

Figure 6. Schematic representation of conversions of aka
ganeite to other iron oxides. 

ments, differences in the extent of the pH range over 
which hematite was excluded, and also the level of 
hematite in the product at any pH, appeared to be 
related to the kinetics of dissolution of the parent ox
yhydroxide. Slow dissolution of the precursor, partic
ularly in the initial stage of the transformation (during 
which a concentration of soluble ferric species sufficient 
to exceed the solubility product of goethite was built 
up), was associated with the presence of hematite in 
the product. Hence, any factor that retarded dissolution 
of the precursor should have hindered goethite for
mation and enabled the formation of hematite to be
come more competitive. Falling pH and increased ion
ic strength both have this effect, and so does increased 
crystallinity of the precursor. Of the three oxyhydrox
ides considered, ferrihydrite because of its poorly or
dered structure dissolves most rapidly and akaganeite 
dissolves more slowly; in line with these rates of dis
solution, the lowest pH above which only goethite 
formed increased in the order: ferrihydrite < lepido
crocite < akaganeite. 

Hematite appears to have nucleated less readily than 
goethite. The fact that goethite nucleated quite readily 
in solution, provided that the critical supersaturation 
was exceeded, whereas hematite (which has a similar 
solubility product) did not, may be accounted for by 
assuming that the formation of hematite involved a 
higher activation energy barrier; this activation energy 
has been related to the need for dehydration, as well 
as to the desolvation of the soluble ferric species. 

Silicate retarded the transformation ofakaganeite as 
well as that of ferrihydrite (Cornell et aI., 1987) and 
lepidocrocite (Schwertmann and Taylor, I 972b). 
Whereas for ferrihydrite, stabilization against disso
lution is the predominant mechanism involved (Cor
nell et al., 1987), and for lepidocrocite, silicate simply 
interferes in nucleation of goethite (Schwertmann and 
Taylor, I 972b), for akaganeite, stabilization against 
dissolution and interference in goethite nucleation were 
both important. 

Cornell et al. (1987) found that the maximum uptake 
of silicate on ferrihydrite in 0.5 M KOH corresponded 
to one silicate ion/33 A2 for a coprecipitated system 
and to one silicate ion170 A2 if silicate were added to 
ferrihydrite; the transformation to goethite was far 
slower for the coprecipitated system. The extent of 
maximum adsorption of silicate (per unit area) for the 
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different iron oxyhydroxides (0.5 M KOH) increased 
in the order: lepidocrocite < akaganeite < ferrihydrite. 
Differences in the rates of conversion of these com
pounds to goethite were, presumably, related to dif
ferences in the level of silicate uptake. Hence, the effect 
of a foreign anion on goethite formation depends, at 
least in part, on the surface properties of the solid pre
cursor. 

CONCLUSIONS 

In alkaline media, akaganeite transformed to goe
thite or hematite. Although hematite forms from fer
rihydrite by a solid-state mechanism, its formation from 
akaganeite appears to have involved precipitation from 
soluble ferric species. Goethite formed from both ox
yhydroxides by a dissolution-reprecipitation mecha
nism. 

Silicate retarded the transformation of akaganeite 
principally by stabilization against dissolution, al
though it interfered somewhat with the nucleation of 
goethite. Silicate modified the morphology of goethite 
regardless of whether the goethite formed from aka
ganeite, lepidocrocite, or ferrihydrite. This result sug
gests that silicate acted by preferential adsorption On 
specific planes of the growing crystals of goethite. The 
morphology of hematite, on the other hand, was not 
modified by the presence of silicate, suggesting no pref
erential adsorption of silicate on hematite. 

Goethite and hematite can be produced from differ
ent solid precursors, including ferrihydrite, akaganeite, 
and lepidocrocite. The reaction conditions, particularly 
pH and the presence of foreign species, have a decisive 
effect On the formation of goethite and hematite. The 
nature of the solid precursor is important insofar as its 
structure and degree of crystallinity influence the rate 
of dissolution. Surface properties of the precursor may 
also influence the extent of interaction between the 
solid and any foreign species and, hence, the kinetics 
of the transformation process. 

ACKNOWLEDGMENTS 

We are indebted to E. Ettinger for carrying out the 
electron microscopy and to M. Faller for the X-ray 
powder diffraction measurements. Thanks are due to 
B. Trusch for carrying out the BET measurements. 

REFERENCES 

Atkinson, R. J., Posner, A. M., and Quirk,J. P. (1977) Crys
tal nucleation and growth in hydrolyzing iron(III) chloride 
solutions: Clays & Clay Minerals 25, 49-56. 

Blesa, M. A., Mijalchik, M., and Vil\egas, M. (1986) Trans
formation of akaganeite into magnetite in aqueous hydra
zine suspensions: Reactivity of Solids 2, 85-94. 

Brauer, G. (1954) Handbuch der Priiparativen Anorgan
ischen Chemie: Ferdinand Enke, Stuttgart, p. 1020. 

Brown, W. E. B., Dollimore, D., and Galway, A. K. (1980) 
Theory of solid state reaction kinetics: in Comprehensive 
Chemical Kinetics. C. H. Bamford and C. H. F. Tipper, 
eds., Elsevier, Amsterdam, 41-109. 

Carlson, L. and Schwertmann, U. (1981) Natural ferrihy
drites in surface deposits from Finland and their association 
with silica: Geochim. Cosmochim. Acta 45, 421-429. 

Cornell, R. M. and Giovanoli, R. (1985) Effect of solution 
conditions on the proportion and morphology of goethite 
formed from ferrihydrite: Clays & Clay Minerals 33, 424-
432. 

Cornell, R. M. and Giovanoli, R. (1987) The influence of 
silicate species on the morphology of goethite (a-FeOOH) 
grown from ferrihydrite (5Fe20 3 • 9H,O): J. Chem. Soc. 
Chem. Commun .. 413-414. 

Cornell, R. M. and Giovanoli, R. (1988) Acid dissolution 
of akaganeite and lepidocrocite: The effect on crystal mor
phology: Clays & Clay Minerals 36, 385-390. 

Cornell, R. M., Giovanoli, R., and Schindler, P. W. (1987) 
Effect of silicate species on the transformation of ferrihy
drite into goethite and hematite in alkaline media: Clays & 
Clay Minerals 35,21-28. 

Cornell, R. M., Giovanoli, R., and Schneider, W. (1989) 
Review of the hydrolysis of iron(III) and the crystallization 
of amorphous iron(III) hydroxide hydrate: J. Chem. Tech. 
Biotechnol. 46, 115-134. 

Feitknecht, W. and Michaelis, W. (1962) Uber die Hydro
lyse von Eisen(III)-Perchlorat-LOsungen: Helv. Chim. Acta 
45,212-224. 

Hamada, S. and Matijevic, E. (1982) Formation of mono
dispersed colloidal cubic hematite particles in ethanol + 
water solutions: J. Chem. Soc. Farad. Trans. I. 78, 2147-
2156. 

Hixon, A. W. and Crowell, J. H. (1931) Dependence of 
reaction velocity upon surface agitation: Ind. Eng. Chem. 
23, 923-981. 

Lewis, D. G. and Farmer, V. C. (1986) Infrared adsorption 
of surface OH groups and lattice vibrations in lepidocrocite 
and boehmite: Clay Miner. 21,93-100. 

Patterson, E. and Tait, J. M. (1977) Nitrogen adsorption on 
synthetic akaganeite and its structural implications: Clay 
Miner. 12, 345-350. 

Santschi, P. H. and Schindler, P. W. (1974) Complex for
mation in the ternary systems Ca2+-H.Si04-H20 and Mg2+_ 
H4Si04-H20: J. Chem. Soc. Dalton. 181-184. 

Schwertmann, U. and Fischer, W. R. (1966) Zur Bildung 
von a-FeOOH and a-Fe 20 3 aus amorphem Ei
sen(III)hydroxid: Z. Anorg. Allg. Chem. 346, 137-142. 

Schwertmann, U. and Murad. E. (1983) The effect of pH 
on the formation of goethite and hematite from ferrihydrite: 
Clays & Clay Minerals 31, 277-284. 

Schwertmann, U. and Taylor, R. M. (1972a) The transfor
mation of lepidocrocite to goethite: Clays & Clay Minerals 
20,151-158. 

Schwertmann, U. and Taylor, R. M. (1972b) The influence 
of silicate on the transformation oflepidocrocite to goethite: 
Clays & Clay Minerals 20, 159-164. 

Vogel, A. I. (1961) A Textbook of Quantitative Inorganic 
Analysis: 3rd ed., Longmans, London, p. 809. 

Winter, G. (1979) Anorganische Pigmente: Disperse Fest
korper mit technische verwertbaren optische und magne
tische Eigenschaften: Fortschr. Miner. 57, 172-202. 

(Received 19 July 1989; accepted 26 February 1990; Ms. 
1932) 

https://doi.org/10.1346/CCMN.1990.0380502 Published online by Cambridge University Press

https://doi.org/10.1346/CCMN.1990.0380502



