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Preface to the Second Edition

Since this book first appeared, there has been a surge of interest in syn-
thetic fine to ultrafine iron oxides in a wide range of scientific and tech-
nical disciplines, especially in mineralogy, the geosciences and environ-
mental science and in various branches of technology. In this work, the
recipes of this book have been frequently used. However, a great deal of
new information has been produced with respect to iron oxide synthesis,
particularly regarding ultrafine iron oxides and those with different
morphologies. We have taken these developments into account in the
second edition.

As before, our main aim was to provide reliable, well tested recipes for
the synthesis of pure iron oxides. In addition, all chapters have been re-
vised and new data added. In the initial, general chapters we have ex-
panded the section on monodispersed particles, currently of great interest
to industry and offered some illustration of such products. The methods
of characterization have been focused on their relevance to iron oxides
and for general aspects of these methods, the reader is referred to stan-
dard treatises. The chapter on color, which is of paramount importance
for iron oxides, has been enlarged to incorporate recent advances in this
field.

In the recipe chapters, we have retained the well tried syntheses from our
own laboratories and added some more, recent ones. In addition, we re-
fer, although not in great detail, to a number of procedures developed in
other laboratories, which we have not reproduced ourselves. The aim
here was to extend the scope of the book. Where we describe the product
and comment on its formation, much new information has been added to
provide a better understanding of possible variations of the product and
the influence of the formation conditions on these variations.

We have added two new chapters. One describes the preparation of iron-
oxide-coated SiO, which was developed by A. Scheidegger in 1993, This
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material is increasingly used for studies of a range of reactions with iron
oxides in percolation experiments in columns. The other chapter is a lec-
ture/demonstration of the formation of the most common iron oxides.

We hope that our new edition will continue to be of use to all those who
want to produce well-defined iron oxides with a range of properties for
scientific investigations,

As in the first edition, we acknowledge the active assistance of a large
number of colleagues from around the world. Dr. A. Scheinost, Univer-
sity of Delaware, supplied the chapter on color and Dr. A. Scheidegger,
P. Scherrer Institut, Ziirich, revised the chapter on coating SiO,. Critical
reading of different chapters was provided by Drs. E. Murad, Bayrisches
Geologisches Landesamt, Bamberg; Drs. H. Stanjek and J. Friedl, Institut
fiir Bodenkunde, TU Miinchen. Mr. H. Fechter from the same institute
worked out the experimental part of the demonstration lecture. Dr. Murad
also produced the Mossbauer spectra and Dr. H.-Ch. Bartscherer, Physi-
kalisches Institut, TU Miinchen, produced most of the electron micro-
graphs. Photographic material was kindly supplied by Prof. T. Sugimoto,
Tohuko, University; Dr. D. Janney, University of Arizona; Dr. P. Weidler,
ETH Ziirich; Dr. S. Glasauer, University of Guelph and Dr. R. Giovanoli,
Universitdt Bern. We are also grateful to Drs. G. Buxbaum and P. Wo-
ditsch, Bayer AG, Leverkusen and Krefeld, for providing Plate I and the
cover picture; Dr. L. Carlson, University of Helsinki, for Plate II and Dr.
J. M. Bigham, Ohio State University, for Plate VIII. One of us (R.M.C.)
wants to thank her mother for being an unfailing source of inspiration
and encouragement during the preparation of this book. Our warmest
thanks go to all of these people.

Finally, we should like to thank the staff of Wiley-VCH for their patience
and cooperation in the production of this book.

April 2000 U. Schwertmann
R. M. Cornell
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Introduction

Iron oxides and oxide hydroxides, for the sake of simplicity all of these
are referred to as “iron oxides”, play an important role in a variety of
disciplines, including pure, environmental and industrial chemistry, cor-
rosion science, mineralogy, geology, soil science, planetology, biology
and medicine. Workers in all these fields frequently need to prepare syn-
thetic iron oxides. These iron oxides may be required for investigations
of their own particular properties or used as starting materials for other
processes. They also serve as model systems for investigation of dissolu-
tion mechanisms, adsorption of ions and molecules and reduction and
catalysis reactions.

There are four main fields where Fe oxides are of interest. These fields
and their predominant Fe oxides are:

1) Soil science, mineralogy, geology: goethite, hematite, lepidocrocite,
ferrihydrite, maghemite and magnetite, akaganeite, schwertmannite,
feroxyhite

2) Corrosion science: magnetite, maghemite, goethite, lepidocrocite,
wiistite and green rusts

3) Industry: goethite, hematite, magnetite (inorganic pigments; Plate I),
maghemite (magnetic tapes), goethite, hematite, ferrihydrite (clays
and ceramic materials), ferrihydrite, hematite (catalysts)

4) Biology: Ferrihydrite (ferritin, iron overload), lepidocrocite, goethite,
magnetite (biominerals), goethite, ferrihydrite, lepidocrocite (dissimi-
latory respiration)

For all these purposes reliable methods of producing pure iron oxides are
required. This book aims at fulfilling this need. It sets out reliable, con-
venient preparative methods for synthesizing the major iron oxides. The
emphasis is on techniques and equipment that are readily accessible to
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the average scientist. For this reason and also to meet the interests of
those geo- and bioscientists wishing to work with synthetic Fe oxides
whose properties are close to those of natural ones, the preparations
usually involve precipitation or transformation in aqueous solution at
temperatures lower than 100 °C. A heating oven or hot plate, a pH meter,
an accurate balance and in some cases, a source of N, air or O, together
with an automatic titrimeter are the only pieces of equipment usually re-
quired.

The book opens with a short introduction into the nature of iron oxides.
This is followed by a discussion of general preparative techniques (chap-
ter 2). In chapter 3, techniques for characterization of the products
— color measurement, electron microscopy, X-ray diffraction, infra red
absorption spectroscopy, surface area measurement, thermoanalysis and
Maéssbauer spectroscopy — are briefly described with particular emphasis
on their application to Fe oxides.

The main chapters (4—14) are concerned with the preparative methods.
For the majority of oxides particularly hematite and goethite more than
one preparative method is described. Properties such as crystal morphol-
ogy and surface area frequently depend on preparative conditions and a
selection of methods is presented to enable a range of oxides with speci-
fic characteristics to be produced. The production of so-called monodis-
perse Fe oxides, i.e. products with a rather narrow particle size distribu-
tion, is also included.

In natural Fe oxides the octahedrally coordinated Fe™ ion is often par-
tially replaced by other metal cations especially by Al. These substituted
Fe oxides have attracted wide interest in recent research, so methods for
preparing partly substituted Fe oxides are also included here.

The detailed description of each preparative procedure is followed by a
description of the properties of the product and by comments concerning
possible variations of the method and their effects on the properties of
the product. For thorough characterization numerous illustrations includ-
ing color plates, X-ray diffractograms, absorption spectra (IR, Moss-
bauer) and electron micrographs are included. This characterization is
necessary in view of the wide range of crystal morphologies and crystal
sizes displayed by most iron oxides. It should enable the users of this
book to obtain a particular product with the desired characteristics and
also provides a check on the success of the users’ own efforts.
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Most of preparative methods provided have been tested in our labora-
tories. In order to widen the scope of these chapters, several other meth-
ods of preparing the various iron oxides, not tested by us, are also briefly
described. For details the user is referred to the appropiate reference.
The method of preparing iron oxide-coated SiO,, developed by Schei-
degger et al. (1994), is also included. The final chapter consists of a lec-
ture in which the synthesis of several Fe oxides is demonstrated at the
bench.

The book concludes with a bibliography. This is not intended to be ex-
haustive. It refers mainly to the methods described here and provides
further details for any reader who wishes to investigate the subject in
more depth. Where possible the reference is to the original work, not to
a review.
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1 The Iron Oxides

This chapter is intended to offer a very brief introduction to the most im-
portant general features of iron oxides. It deals with the forms, chemis-
try, crystal structure, important properties and formation of these com-
pounds and their enviromental and industrial significance. For more in-
formation the reader is referred to the monograph “The Iron Oxides” by
the same authors published in 1996 by Wiley-VCH.

There are fifteen iron oxides, oxide hydroxides and hydroxides known to
date. The more important ones are listed in Table 1. In addition to these,
Fe(OH),, FeO (wiistite), a B-Fe,O,, a &-FeyO3, a high pressure FeOOH,
a ferrimagnetic 3-FeOOH and a crystalline Fe(OH); (bernalite) exist. Ex-
cept for ferrihydrite and feroxyhyte, these compounds can be obtained in
well crystallized form*. There is also a group of Fe"-oxy-hydroxy salts
which are closely related to the pure oxides. To this group belong an Fe'™
oxyhydroxy sulfate (schwertmannite), and an oxyhydroxy nitrate. The
chloride form is in fact the mineral akaganeite, although usually written as
B-FeOOH. Other halogenides can also be incorporated into akaganeite. Fin-

Table 1-1. The Major Iron Oxides and Oxide Hydroxides

Oxyhydroxides Oxides
Formula Mineral Formula Mineral
a-FeOOH Goethite FesHOg - 4H,0 Ferrihydrite
B-FeOOH Akaganeite o-Fe,0; Hematite
v-FeOOH Lepidocrocite v-Fe,O3 Maghemite
&'-FeOOH Feroxyhyte Fe304 Magnetite

* To date, bernalite has not been synthesized in the laboratory
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ally, there is a group of Fe™™™ hydroxy salts, the green rusts, so-called be-

cause of their green-blue color and their occurrence as corrosion products.
All iron oxides and hydroxides consist of Fe, O and/or OH. They differ

in composition, in the valence of Fe and, above all, in crystal structure.

1.1 The Major Iron Oxides

The basic structural unit of all Fe'™ oxides is an octahedron, in which

each Fe atom is surrounded either by six O or by both O and OH ions.
The O and OH ions form layers which are either approximately hexagon-
ally close-packed (hep), as in goethite and hematite, or approximately
cubic close-packed (ccp), as in lepidocrocite and maghemite. In both hep
and ccp stuctures, tetrahedral interstices also exist between three O or
OH in one plane and the anion in the plane above. The two hcp forms,
goethite and hematite, are termed o-phases, whereas the corresponding
ccp forms, lepidocrocite and maghemite, are termed y-phases.

The Fe** in the octahedral position may be partly replaced by other triva-
lent metal cations of similar size, for example, AI**, Mn*', Cr*" and
V3, without modifying the structure (isomorphous substitution). In this
way solid solutions. between pure end members (such as FeOOH and
AlOOH) are formed. Other cations, e.g. Ni**, Co®*, Zn®*, Cd**, Pb*",
and Cu®* can also be incorporated into the Fe oxide structure, paticularly
into goethite (Gerth, 1990; Giovanoli and Cornell, 1992; Lim-Nunez and
Gilkes, 1987; Sidhu et al. 1978). A list of those elements which have
been incorporated into various iron oxides is given in Table 1-2 (for a

Table 1-2. Ionic Radii of Fe and Metal Substituents

Ion Fe?t F** APY ot Me®™® v co*t cu zn® Pbtt cd?t

Radius®nm  0.077 0.064 0.053 0.061 0.065 0.064 0.053 0.073 0.075 0.078 0.095

® Tonic radius depends on whether the ion is in the high spin or low spin state. In the Fe
oxide structure (and where a choice exists), the ions listed adopt a high spin state.

® These ions display the Jahn-Teller effect which leads to distortion of the coordination
sphere of the ion.
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complete table and further references see Cornell and Schwertmann,
1996).

The various Fe oxides differ mainly in the arrangement of the Fe(O,0H),
octahedra.

Gocthite, lepidocrocite and akaganeite, i. . the FeOOH forms, all consist
of double bands of edge-sharing FeO3;(OH); octahedra (Figure 1-1). In
goethite, as in diaspore (0-AlOOH) the double bands are linked by
corner-sharing in such a way as to form 2x1 octahedra “tunnels”
crossed by hydrogen bridges. Whereas these “tunnels” are only large en-
ough to permit the passage of protons, the structure of the second
FeOOH form, akaganeite (B-FeOOH), contains squared molecular chan-
nels bounded by four double rows of octahedra and large enough to ac-
comodate anions. In akaganeite these channels are stabilized by being
filled with variable amounts of chloride anions (Naono, 1993, suggested
that H,O molecules fill the channel whereas the Cl belongs in the coor-
dination shell of the Fe).

Two poorly ordered compounds both having the akaganeite structure but
with sulfate or nitrate instead of chloride in the tunnel have been found re-
cently. The sulfate form occurs frequently in nature as an oxidation pro-
duct of pyrite and has, therefore, been recognized as a mineral with the
name schwertmannite (Bigham et al. 1994). Chemically it can be consid-
ered a Fe™oxyhydroxy sulfate with the ideal formula FesOg(OH)sSO,.
The corresponding nitrate form can be synthesized by forced hydrolysis
of an acidic Fe™(NOs); solution at 80°C and is a precursor of ferrihydrite
(Schwertmann et al. 1996).

In lepidocrocite as in boehmite (y-A1OOH), the double bands of octahe-
dra share edges to form zig-zag layers which are connected to each other
by hydrogen bonds (OH...O).

Hematite consists of layers of FeOg octahedra which are connected by
edge- and face-sharing (as in corundum, o-Al,O3) and stacked perpendi-
cular to the ¢ direction. Two thirds of the octahedral interstices are filled
with Fe'™. The face-sharing is accomplished by a slight distortion of the
octahedra which causes a regular displacement of the Fe ions. The distor-
tion and the absence of H-bonds yield a compact structure which is re-
sponsible for the high density of 5.26 g/cm’. Hematites synthesized at
low temperatures in an aqueous medium usually contain some OH in the
structure (Wolska, 1981).
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Lepidocrocite

Hematite Magnetite

Fig. 1-1. Structural models of goethite, akaganeite, lepidocrocite, feroxyhyte,
hematite and magnetite. Small, open circles indicate H atoms (from H. Stanjek,
in Cornell and Schwertmann, 1996, with permission).
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In the cubic structure of both magnetite and maghemite 1/3 of the inter-
stices are tetrahedrally coordinated with oxygen and 2/3 are octahedrally
coordinated. In magnetite all of these positions are filled with Fe. Mag-
netite is an inverse spinel: the tetrahedral positions are completely occu-
pied by Fe', the octahedral ones by equal amounts of Fe' and Fe". In
maghemite only 5/6 of the total available positions are filled and only by
Fe**, the remainder are vacant () (i.e. Fe, 67y 330.4). Maghemite can
have different symmetries depending on the degree of ordering of the va-
cancies (Bernal et al., 1959). Completely ordered maghemite has a pri-
mitive cubic or a tetragonal cell and the X-ray pattern shows “superstruc-
ture lines” (Fig. 13-3); otherwise it is cubic. Maghemite can, thus, be
considered a fully oxidized magnetite. Oxidation is achieved through the
ejection of 11% of the Fe from the structure thereby creating the vacan-
cies. The color changes from black to red-brown. A complete series of
transitions exists between magnetite and maghemite.

Although the structures of ferrihydrite and feroxyhyte (3'-FeOOH) are
not yet fully understood, both compounds are considered to have a
predominately hematite-like structure consisting of hexagonally close
packed oxygen planes with Fe ions in the octahedral interstices. The per-
iodicity of the octahedral sheets along the z-direction is 2 for feroxyhite
(c=046 nm), 4 for ferrihydrite (¢=0.94 nm) and 6 for hematite
(¢=1.3752 nm). The low degree of crystallinity of ferrihydrite and fer-
oxyhyte is linked both to the presence of vacant Fe sites in the structure
and to replacement of some oxygen by H,O and/or OH. For ferrihydrite,
a range of compounds with different degrees of structural order exist;
these compounds are generally named according to the number of broad
X-ray peaks which they exhibit: e.g. 2-line and 6-line ferrihydrite. The
2-line ferrihydrite is also called protoferrihydrite (Chukhrov et al.,
1973). The formula of ferrihydrite has not been fully established.
FesHOyg - 4 H,0 has been suggested, but the structural water may in fact
be less than indicated in this formula.

Green Rusts are not oxides or hydroxides in a strict sense but contain an-
ions as an essential structural component. They consist of hexagonally
close-packed layers of O and OH of the Fe(OH),-structure type with Fe'
and Fe'" in the interstices (Feitknecht and Keller, 1950). Fe'™ gives the layer
a positive charge which is balanced by intercalation of anions, such as
chloride, sulfate, carbonate etc., between the layers. The sulfate and chlor-
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ide forms have a maximum Fe'/Fe' ratio of 4 if completely unoxidized,
whereas the carbonate form has a ratio of 2 or 3. The general structure of
the green rusts can be written as [Fe;HFe%,I(OH)C] [AGatob-cyz) - H2O, where
A represents the interlayer anion of valence z (Lewis. 1997).

Inter-conversions between the compounds listed in Table 1-1 are possi-
ble and often occur readily. The oxide hydroxides dehydrate to their an-
hydrous structural counterparts and ultimately to hematite on heating. At
lower temperatures and in solution, inter-conversions usually require dis-
solution followed by reprecipitation of the new phase. Oxidation or re-
duction reactions are also possible. An overview of the more frequent in-
ter-conversions is presented in Fig. 1-2.

Physical and chemical properties of the major iron oxides are summar-
ized in Table 1-3.

1.2 Less Common or Rare Iron Oxides

The minor iron oxides are Fe(OH), , FeO (wiistite) B-Fe,03, &-Fe,O; and
the high pressure form of FeOOH. The latter three compounds have not
been found in nature.

Fe(OH), is prepared from Fe'' solutions by precipitation with alkali.
When freshly precipitated under an inert atmosphere (in a Schlenck ap-
paratus for example) Fe(OH), is white (Bernal et al., 1959). It is, how-
ever, readily oxidized by air or even water upon which it darkens.
Fe(OH), has the Cdl, type structure with hep anions and half of the octa-
hedral interstices being filled with Fe*" ions. The crystals form hexago-
nal platelets. In solution Fe(OH), transforms by a combination of oxida-
tion/de-hydration/hydrolysis reactions to other iron oxides and hydro-
xides. The end product depends both upon the order in which these pro-
cesses occur and upon their rates.

A high pressure synthetic form of FeOOH can be prepared by hydrother-
mal conversion of a-Fe,03 in NaOH at 500 °C at a pressure of 80—-90 kb
for one hour (Chenavas et al., 1973). The crystal structure is that of In-
OOH. It consists of single chains of octahedra running parallel to the ¢
axis and linked by hydrogen bonds.
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Fig. 1-2. Schematic presentation of frequent formation and transformation path-
ways of common iron oxides together with the approximate formation conditions.
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p-Fe;03 has been obtained by dehydration of B-FeOOH in high vacumn at
170 °C (Braun and Gallagher, 1972). e-Fe,05 can be produced by the reac-
tion of alkaline potassium ferricyanide solution with sodium hypochlorite.
It is also obtained (together with a mixture of other iron oxides) in an elec-
tric arc under an oxidizing atmosphere (Biittner, 1961). Its magnetic and
thermal properties have been investigated by Dezsi and Coey (1973).

Wiistite, FeO, is obtained by heating a pelletized mixture of hematite and
iron at 837 °C in a sealed silica tube for 24 hrs and then quenching in li-
quid N, (Battle and Cheetham, 1979). It is usually non-stoichiometric
and contains defect clusters approaching the Fe;O4 structure. Wiistite is
stable only at temperatures greater than 570 °C. At lower temperatures it
decomposes to Fe;0,4 and Fe.

1.3 Iron Oxides in the Environment

Iron oxides are widespread in nature. They are ubiquitous in soils and
rocks, lakes and rivers, on the sea floor, in air (e.g. admixed in aeolian
Sahara dust) and in organisms, and they may be responsible for the red-
dish-colored surface of the Mars. Iron oxides are of great significance
for many of the properties and processes taking place in ecosystems,

In soils and sediments (e. g. in aquifers) iron oxides regulate the concen-
tration of plant nutrients such as phosphate and inorganic (heavy metals)
and organic pollutants and function as an adsorbent and an electron ac-
ceptor during dissimilatory metabolism of micro-organisms under anoxic
conditions, In living organisms, Fe oxides may be present as an Fe reser-
voir such as ferritin (consisting of ferrihydrite), as hardening agents in
teeth (goethite) or as a directional device in micro-organisms (magne-
tite). Where iron metabolic overload occurs, Fe oxides may form un-
wanted deposits in the human body.

Iron oxides may be either beneficial or undesirable. Everyone is familiar
with rust, a mixture of various Fe oxides, as the end product of corrosion
of iron. The modern steel industry, on the other hand, relies on the huge
deposits of hematite and magnetite (iron ores) found in many parts of
the world.
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Iron oxides and hydroxides are introduced into the environment (pedo-
sphere, hydrosphere, biosphere) from the lithosphere (earth’s crust) dur-
ing rock weathering. Iron is the fourth most abundant element (5.1
mass%) of the lithosphere. In primary (magmatic) rocks most of the Fe
is located in Fe" silicates such as pyroxenes, amphiboles, biotites and oli-
vines; it can also be found in sulphides such as pyrite (FeS,), and carbo-
nates such as siderite (FeCOs;). During weathering at the surface, i.e. in
the presence of water and oxygen, the silicates are decomposed by oxida-
tion and hydrolysis:

00 Rl _OH + H,Si0, (1)

~Fe"-0-8i0;
For example, the formation of goethite (x-FeOOH) from an olivine (faya-
lite) (eq. 2) or from pyrite (eq. 3) can be written as

Fe,Si0, + %2 O, + 3 HO — 2 a-FeOOH + HySi0,4 2)
4 FeS, + 15 0, + 10 H,O — 4 a-FeOOH + 8 H,SO,4 (3)

In these reactions oxygen serves as the electron acceptor.

The resultant Fe™oxides have a very low solubility (see Tab. 1-3), hence
measurable concentrations of Fe** ions are only present under strongly
acid conditions, €. g. those resulting from pyrite oxidation (eq. 3).

Once in the weathered zone (sediments, soils), the Fe of the Fe'Moxides
may be remobilized under anaerobic conditions by microbial reduction:

4 FeOOH + CH,0 + 8 H" —» 4 Fe** + CO, + 7 H,0O 4)

This process involves enzymatic transfer of electrons from the biomass
(written as CH,0) to Fe™ during metabolic oxidation (dissimilatory re-
spiration).

The iron oxides in natural surface environments are often poorly crystal-
line. i.e. the crystals are nano-sized (>100 nm), do not clearly exhibit
the typical morphology of well-crystalline forms, are rich in defects and
contain impurities. All this is most probably the result of their formation
at low-temperature and in contaminated environments. Due to their strik-
ing colors (ranging from red to yellow) and their high surface area, small
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concentrations of Fe oxides color the soils and rocks in which they are
mixed.

Precipitation, dissolution and reprecipitation of the various Fe oxides in
the environment depend predominately on factors such as pH, Eh, tem-
perature and water activity. For this reason, the different Fe oxides may
serve as indicators of the type of environment in which they formed.
Goethite and hematite are thermodynamically the most stable Fe oxides
under aercbic surface conditions and they are, therefore, the most wide-
spread Fe oxides in soils and sediments. Other Fe oxides are, however,
also found in the environment because, although they are thermodynami-
cally less stable, their formation is kinetically favored and their transfor-
mation to more stable forms proceeds sluggishly.

The yellow-brown goethite occurs in almost all soils and other surface
formations (e.g. lakes, streams), whereas the red hematite often colors
soils of tropical and subtropical regions. Higher temperatures and lower
water activities in the latter regions are important parameters which
partly account for this phenomenon. The ratio of goethite to hematite
varies greatly with local conditions and is, therefore, an environmental
indicator. The same is true for the extent of Al for Fe substitution; this
ranges from 0 to 33 mol% for goethite and from 0—16 mol% for hema-
tite. Its extent reflects, among other things, the availability of Al during
Fe oxide formation. Goethite has also been found in the teeth of certain
molluscs (limpets, chitons), but as yet, hematite has not been found in
living organisms.

It is now generally believed that goethite precipitates directly in solution
via a nucleation-crystal growth process, whereas formation of hematite
requires the presence of ferrihydrite as a precursor; crystallization of he-
matite occurs within the ferrihydrite aggregates (Schwertmann et al.
1999). No direct, solid-state transformation of goethite to hematite by
simple dehydration has so far been observed under surface conditions; it
may, however, take place after sediment burial. Although soil goethites
may be acicular or fibrous and hematites may appear as hexagonal
plates, both oxides are most frequently isometric and irregularly shaped.

Lepidocrocite is generally less widespread than its polymorph, goethite,
but it does occur frequently as orange accumulations in certain environ-
ments. These are characterized by the presence of Fe*” from which lepi-
docrocite forms by oxidation. The presence of this mineral, therefore, in-
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dicates a deficiency of oxygen; in soils this is due mainly to excessive
moisture. Lepidocrocite may exist on a pedogenic time scale (10° years)
because, although it is metastable with respect to goethite, its formation
may be kinetically favored and, furthermore, its transformation to
goethite is extremely slow. In carbonate-rich solutions, formation of lepi-
docrocite is prevented and goethite forms (from Fe**) instead. Soil lepi-
docrocites resemble the lathlike crystals produced in the laboratory. Le-
pidocrocite is found in various biota inlcuding sponge spicules and the
teeth of chitons.

Ferrihydrite occurs mainly in situations where Fe*' is oxidized rapidly
(in comparison with lepidocrocite formation) and/or where crystalliza-
tion inhibitors are present. Oxidation can proceed via an inorganic path-
way, but may also be assisted by micro-organisms such as Gallionella
and Lepthotrix. Biological oxidation (termed iron respiration) supplies
the micro-organisms with energy. Where micro-organisms have been in-
volved, sheaths of bacteria filled with ferrihydrite particles may be
found. Because of the high rate of oxidation during its formation and/or
the presence of inhibitors, ferrihydrite is poorly crystalline with a very
small particle size and hence a surface area greater than 200 m*/g. Crys-
tallization inhibitors include organics, phosphate and silicate species, all
of which are widespread in natural environments and have a high affinity
for the Fe oxide surface. The inhibitors also stabilize ferrihydrite and re-
tard its transformation to more stable minerals.

Typical environments in which ferrihydrite exists are Fe containing
springs (Plate II), drainage lines, lake oxide precipitates, ground water
and stagnant-water soils and podsols, river sediments and, in the oceans,
deep sea crusts and Mn nodules. Ferrihydrite is related to ferritin, an
tron oxyhydroxide-phosphate association which acts as an iron reservoir
in living organisms. The micelles of ferritin are encapsulated in a shell
of protein molecules which prevents conversion to more crystalline, less
active iron oxides thus maintaining the ability of the core to supply Fe.

In nature, ferrihydrite will slowly transform to hematite or goethite. Such
a mechanism is feasible in view of the much higher solubility (lower stabi-
lity) of ferrihydrite (pK;=37-39) in comparison with that of goethite and
hematite (pK;=40—44). The transformation to goethite takes place over a
wide pH range by a dissolution/reprecipitation process (see Fig. 1-2). It is
slow at neutral pH (months to years), but can be greatly accelerated (days)
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by organic reducing agents such as cysteine. Ferrihydrite may, therefore,
be considered to be a young Fe oxide in natural environments. This ex-
plains its occurrence in lakes, streams and hydromorphic soils, i.e. envir-
onments where oxidizing and reducing conditions alternate and hence an
active iron turnover exists.

Maghemite is among those Fe oxides found invariably in the soils of the
tropics and subtropics, but which also occur occasionally in soils of the
temperate region. Maghemite may form during pedogenesis (soil forma-
tion) by several pathways. One is by oxidation of magnetite inherited
from the parent rock or formed in soils. If derived from a titano-magne-
tite, maghemite may contain titanium in the structure. Another, probably
widespread mechanism involves conversion of other Fe oxides such as
goethite; the essential prerequisites are heat (from bush or forest fires)
and the presence of organic matter. This mechanism may operate in tem-
perate regions, but it is more common in the tropics because of the high
frequency of fires. A further synthesis route which is often used in the
laboratory, but is unlikely to operate in nature, involves dehydration of
lepidocrocite. Maghemite formed by oxidation of magnetite is well or-
dered and may display superstructure lines (see Sec. 12.1), whereas fir-
ing of other Fe oxides produces a poorly ordered maghemite without
superstructure lines and often containing structural Al.

Magnetite in soils is commonly inherited from the rock. It can, however,
be formed in surface environments by biological processes and has been
detected in various biota including bacteria (magnetotactic bacteria), bees
and pigeons. The presence of magnetite is considered to be related to the
directional sense of these organisms. Magnetotactic bateria have been
identified in marine, limnic and soil (pedo-)environments (Fassbinder et
al.; 1990). In contrast to the comparatively large size of magnetite crystals
in rocks, the magnetite crystals in bacteria are only in the 0.1 pm range.

Akaganeite is formed in nature under the same conditions used in labora-
tory synthesis, i.e. in the presence of chloride and at elevated tempera-
tures (e.g. 60°C). Examples are the hot brines of the Atlantis Deep of
the Red Sea and the hot springs of similar composition of the White Is-
land volcano, New Zealand. Natural and synthetic akaganeites frequently
display similar crystal morphologies.

Only a few natural occurrences of feroxyhyte have been reported so far;
these were in some soils, in ochreous bands of pleistocene sediments and
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in marine concretions. Nothing is known about the mechanism of forma-
tion in nature, although rapid oxidation may be presumed to be involved.

Schwertmannite turned out be a common ochreous precipitate in water
courses draining pyrite (FeS,)-containing rocks and more widespread in
so-called acid mine waters (Plate III). It is an oxidation product of pyr-
ite in contact with atmospheric oxygen. The Fe? in these sulfate con-
taining, extremely acid (pH <3) waters can only be oxidized with the
assistance of a micro-organism, Thiobacillus ferroxydans. Formation of
the FeMoxyhydroxy sulfate requires the presence of high SO~ concen-
trations (ca. 1g L™'); associated iron minerals are goethite and jarosite,
KFe3(S04),(OH)s. Green Rusts commonly form as a corrosion product
of steel as long as the oxidation of the Fe is incomplete. Recently green
rust has also been identified in poorly aerated, i.e. anaerobic soils (Tro-
lard et al. 1997).

Further information concerning Fe oxides in natural environments is
found in the reviews of Fitzpatrick (1988); Schwertmann (1985, 1988);
Schwertmann and Taylor (1989), Taylor (1987) and Cornell and Schwert-
mann, (1996). Recent reviews of Fe oxide formation by biota are those
of Loewenstamm and Kirschvink (1985), Mann et al. (1989) and Skinner
and Fitzpatrick (1992).



2 General Preparative Techniques

2.1 Quantity of Product

The preparative procedures described in chapter 4 strictly hold only for
the quantities (5—10 g) of product indicated. Simply scaling the quanti-
ties up or down to produce different amounts of iron oxide does not al-
ways produce the desired result. Crucial factors involved in altering the
scale of a preparation are the ratio of reactant to Fe (e.g. OH/Fe or oxi-
dant:Fe), suspension concentration, pH and temperature. Unless proved
to be irrelevant, these variables should be held constant when the proce-
dure is scaled up or down. Normally, this can be achieved quite readily
when small reaction volumes (<0.5 L) are used. With larger volumes or
when a reactant has to be added constantly (e.g. oxygen or base to a Fe
system) this may be more difficult. The alternative then is to produce
larger quantities in separate batches.

2.2 Treatment after Synthesis

2.2.1 Washing

If produced in an aqueous system, iron oxides must be washed after pre-
paration in order to remove impurity ions associated with the procedure,
e.g. OH™, CI", NO3, SO3 7, CO3 ™, NHj, K*, Na™. After washing, the super-
natant liquid should be tested for the presence of these ions. Washing may
be carried out by a) centrifugation/decantation, b) vacuum filtration or
¢) dialysis.
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a) Centrifugation/decantation: The product should be washed several
times with twice distilled water until the electrolytes are removed. This
method is rapid, but can lead to loss of product particularly the smaller
particles. High sedimentation speeds (10 000 x g) or longer centrifuga-
tion times (1—2 hr) are needed to ensure complete sedimentation of par-
ticles smaller than ca. 0.1 um. As the electrolyte is removed, the sus-
pended particles tend to become increasingly dispersed, hence much
longer centrifugation times (or higher speeds) are required to achieve se-
dimentation. Difficulties with highly dispersed suspensions may be over-
come by adjusting the pH of the wash water close to the point of zero
charge (PZC) of the oxide (usually pH 7-8) because at the PZC, floccu-
lation is facilitated.

b) Vacuum filtration: filtration should be carried out with a 0.45 um
millipore filter under vacuum. With small quantities of liquid and solid
and with solids with fairly large particles (> 0.1 um) this method is fairly
rapid and satisfactory. With large quantities of suspension or with very
small particles (e.g. ferrihydrite) clogging of the filter makes the method
impracticably slow.

¢) Dialysis: this is probably the most effective method and involves
holding the suspension in dialysis tubing in a vessel containing 1-2 1
twice-distilled water. The water must be replaced at intervals and the ne-
cessary frequency of replacing the water can be determined with the
help of conductivity measurements (using a conductivity meter). When
the conductivity of the surrounding water equals that of distilled water,
all the impurity ions have diffused out of the suspension. Dialysis takes
between 1-2 weeks. The advantage of this method is that there is no
loss of sample. Before use, the dialysis tubing* should be cleaned by
boiling for two ten minute periods in twice distilled water.

Even after washing, the oxides may not be entirely free from adsorbed
impurities. This applies particularly to anions such as sulphate and carbo-
nate, which have a high affinity for the oxide surface. Even chloride and ni-
trate may be difficult to remove completely. A sensitive check for most of
the adsorbed anionic impurities is provided by IR spectroscopy (see p. 51).

* Possible source: MEDICELL Int. Ltd. 239 Liverpool Rd. London N1 11L.X
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2.2.2 Drying

Oven drying at 40 °C is the most convenient method. This takes around
48 hours with 10 g sample (held in a wide mouthed vessel). A tempera-
ture of 40 °C is low enough to avoid any phase modification or transfor-
mation, except possibly in the cases of ferrihydrite and magnetite. After
drying, the sample should be ground in an agate mortar to help break up
any aggregates (see, however, p. 108 for ferrihydrite). Where difficulty
in redispersion in water is expected (particularly with very fine grained
material) freeze-drying is preferable to air-drying, but may not be en-
tirely successful, e.g. for ferrihydrite. Freeze drying produces a loose
dry powder which usually needs no grinding.

2.2.3 Storage

Iron oxides are most conveniently stored as dry powders. However, after pro-
longed storage in an air-dry state some metastable forms may transform into
more stable ones. For example, ferrihydrite will gradually turn into hematite
and goethite when kept in contact with the atmosphere, presumably owing
to the presence of adsorbed non-stoichiometric water; Fig. 2-1 shows an X-

1 1 3 111 1 -1 1 111 111in
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Fig. 2-1. X-ray diffractogram of a 2-line ferrihydrite (Fh) transformed to small
percentage of hematite (Hm) and a trace of goethite after storage in an air-dry
state at RT for 20.4 years (Schwertmann et al. 1999; with permission).



22 2 General Preparative Techniques

ray diffractogram of a 2-line ferrihydrite stored for 20.4 years in a glass ves-
sel at room temperature (RT): hematite and a trace of goethite were formed.

Storing the iron oxides as suspensions has advantages and disadvantages.
The advantage is that the difficulty of redispersion after drying is
avoided; reasonably well crystalline goethite and hematite, have proved
to be very stable in suspension for long periods of time (years). The dis-
advantages are: 1) unstable phases such as ferrihydrite will convert to
more stable ones, 2) the particles tend to aggregate with time, and 3) bac-
terial growth may develop. The latter problem can be reduced by storing
in a refrigerator (4 °C).

2.3 Chemical Analysis

2.3.1 Tetal Analysis

Total analysis consists of determining total Fe (Fe,), Fe'', adsorbed water,
structural OH and, for substituted Fe oxides, such metals as Al, Mn, Cr
and others.

Chemical analysis for Fe and other cations requires total dissolution of
the oxides. This is usually achieved by treating the oxides (tenths to hun-
dreds of mg) in conc. HCl (e.g. 0.1 g in 16-20 ml of 6—12 M HCl) at
an elevated temperature (60—80 °C). The time neceded for complete dis-
solution is normally less than one hour, but may be longer for crystals
>0.5 um. It may also be considerably longer for Cr-substituted Fe oxides
(Schwertmann et al., 1989).

Atomic absorption spectroscopy is commonly used to determine Fe, Al,
Mn, Cr and other metals. Standard solutions should be prepared with the
same acid concentration as that of the test solutions. Apart from Al
which requires a nitrous oxide/acetylene flame, these cations may be
measured using an air/acetylene flame. These metals may also be mea-
sured by inductive coupled plasma analysis (ICP).

A non-destructive method of measuring Fe' (e. g. in magnetite) is Moss-
bauer spectroscopy. Alternatively, Fe”" may be measured after dissolution
of the oxide in M H,SO, at 80°C, using the o, o’-bipyridyl, the 1-10-
o-phenanthroline or the ferrozine method.
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All fine grained materials contain up to several percent of physically and
chemically adsorbed water. The total water content of the FeOOH forms
including structural OH can be determined from the weight difference
found between samples heated at 105 °C and at 800 °C. The heating tem-
perature which separates non-structural (chemically adsorbed) from
structural water depends on the type of oxide and its crystallinity. For
goethite thermal gravimetric analysis indicated that the temperature is
between 160 and 180 °C (Schwertmann et al.,, 1985). This method ap-
plies only to well-defined FeOOH forms such as goethite. Hematites pro-
duced at low temperatures (<100 °C) also contain a few percent water
and OH, the latter being partly incorporated into the structure, possibly
at Fe-deficient sites or other defects (“hydrohematite”, Wolska, 1981).
This water is driven off over a wide temperature range extending up to
800 °C.

2.3.2 Extent of Isomorphous Substitution

When other metals (M) substitute for Fe in the structure of an Fe oxide
the mole ratio of substitution is given by M,/(M; + Fe;)(mol/mol), where
M, and Fe, (t =total) are expressed in mol. Fe and other metals present
at the surface of the iron oxide or in separate phases must be determined
separately to correct the extent of substitution. Ferrihydrite as a separate
phase can be selectively dissolved an with acid oxalate solution (see
p. 50). This treatment also dissolves any separate Mn or Cr oxides. Alter-
natively, a short extraction (30 min, 25 °C) with 0.4 M HCI removes ad-
sorbed surface species; this method is useful if the solubility of the sub-
stituting ion in acid oxalate solution is not known or if the iron oxide un-
der consideration (for example magnetite) is soluble in acid oxalate solu-
tion. The total Fe; and M, have then to be corrected for the oxalate solu-
ble Fe and M.

2.3.3 Impurities

Chloride may be detected by precipitation as AgCl: dissolve the oxide in
HNO;, place a few ml solution in a test tube, and add one drop dilute
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(0.1 M) AgNO; solution. The white precipitate of AgCl that forms in the
presence of traces of Cl™ gives rise to a slightly turbid solution: the pre-
cipitate is more readily visible if the test tube is held against a black
background. The limit of detection is ca. 1 ug CI".

Nitrate may be detected with the use of diphenylamine: about 0.5 ml of
a strongly acidic (sulphuric acid) diphenylamine solution is placed on a
spot plate and a drop of test solution is placed in the middle; if NO3 is
present, a blue ring (due to formation of the blue quinoid imonium ion)
forms as the two liquids mix. The limit of detection is ca. 0.5 ug NOs.

Sulfate may be detected by precipitation of barium sulphate. Dilute bar-
ium chloride solution (0.1 M) is added to the acid test solution in a test
tube. If sulphate is present, the solution becomes turbid owing to precipi-
tation of white BaSO,. The limit of detection is ca. 5 ug SO;™.

Ammonium can be recognised by the yellow precipitate that forms in the
presence of Nessler’s reagent. This is commercially available. It can also
be prepared as follows: dissolve 14.3 g NaOH in 70 ml twice distilled
water. Dissolve 5 g red Hgl, and 4 g KI in 20 ml H,O. Pour the iodide
solution into the hydroxide solution and dilute to 100 ml. Allow to settle
and use the clear supernatant liquid. To test for the presence of NHy,
the test solution is mixed with concentrated (1 M) KOH in a 1:1 ratio
and a drop of the resulting suspension placed on a filter paper. Upon ad-
dition of a drop of Nessler’s reagent a yellow orange precipitate of
Hgl, - HgNH,I forms. The limit of detection is ca. 0.3 g NHj.

Various methods exist for the quantitative analysis of these ions, the
most convenient one being ion chromatography. For this purpose Fe
should be removed prior to analysis by passing the acid solution through
a strongly acid cation exchange resin followed by neutralization of the
solution with the alkaline eluent (Bigham et al., 1990).

2.4 Removal of Iron Oxides from Reaction Vessels

The reaction vessels in which the iron oxides have been prepared are
usually stained with the product. The oxide hydroxides and hematite may
be removed by overnight treatment (25 °C) with 4 M HCI (or in difficult



2.5 Purity of Reagents 25

cases with 37% HCI). Magnetite may be removed in 1-2 hours by treat-
ment with 0.5 M oxalic acid at 25 °C or with M H,SO, at 80 °C.

2.5 Purity of Reagents

All reagents should be Analar grade. In addition, care must be taken that
the solid Fe' or Fe'™ salt is perfectly fresh and has not been exposed to
the atmosphere for long periods. Iron salts can undergo complicated re-
actions. Some hydrated Fe'"" salts may dehydrate. FeCl; - 6 H,O on the
other hand is hygroscopic, i.e. it takes up water upon exposure to the at-
mosphere and in the salt solution which forms on the surface, hydrolysis
may take place leading to an ochreous coating of akaganeite. This preci-
pitate can be removed from an Fe" solution by filtration. Fe" salts may
oxidize as well as dehydrate. Color changes indicate whether such reac-
tions have taken place; for example Fe(NOs); + 9 H,O develops orange
flecks among the bulk purple crystals and greenish FeSO, -7 H,O and
FeCl, - 4 H,0 develop an orange color. Such discolored reagents must
not be used.

Fe™ and Fe" solutions should be used immediately after preparation. If
Fe'™ solutions are allowed to stand, some nucleation of goethite can take
place, even at room temperature. If Al-substituted goethite is being pre-
pared, for example, the presence of such seed crystals of goethite in an
aged Fe'! solution will prevent a uniformly substituted product from
being obtained. Aged Fe'' solutions will, of course, be partly oxidized.
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3 Methods of Characterization

3.1 Introduction

Because the synthetic iron oxides whose synthesis is described in this
book consist of very small crystals ranging in size from ca. 3 nm to sev-
eral um, they are characterized and checked for purity by the techniques
commonly used for submicroscopic to nano-sized particles. The most im-
portant of these techniques are X-ray powder diffraction and electron mi-
croscopy. In addition, Mdssbauer spectroscopy, infra red absorption spec-
troscopy and thermal analysis provide useful information (Wilson, 1987).

This chapter provides a brief account of the potential of these methods
to characterize the iron oxides described here. The methods were also
used in principally the same way to produce the analytical information
given for each oxide under “Product description”. For details of the the-
ory and application of these techniques, the reader is referred to the rele-
vant treatises that are cited, where appropiate, in the text. The major di-
agnostic criteria for the common Fe oxides obtained with these methods
are assembled in Tab. 3-1.

3.2 Color (A. Scheinost)

One of the most striking features of iron oxides is their eye-catching
color (see Plates V and VI). The colors include purple, red, brown, or-
ange, yellow, black, and even greenish blue (green rust). To some extent,
these colors are characteristic and, thus, diagnostic of the type of
mineral, its crystal size and shape, and impurities within the crystal
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3.2 Color 29

structure. Even small differences in color can be effectively distinguished
with the naked eye, and easily quantified by means of color charts (e.g.,
the Munsell color book) or color meters. It is this ease and speed of de-
termination which makes color a helpful tool in mineral synthesis, even
though the mineral identification by other methods like XRD, FTIR and
Mossbauer spectroscopy is generally more reliable. In this section, we
will give a short introduction into the physical causes of the colors of
iron oxides, color measurement and color systems, followed by data
tables and qualitative descriptions which will help to interpret the colors
of mineral samples produced in the laboratory.

3.2.1 Origin of Color

Color is caused by the absorption of light in the visible range of the elec-
tromagnetic spectrum, i.e. between ca. 400 nm (red) and ca. 700 nm
(purple). The corresponding photon energies are 1.8 to 3.1 eV. In this en-
ergy range, light may interact with the valence electrons of iron oxides
in three different ways:

(1) Oxygen-to-metal charge transfer (OMCT) gives rise to an intense ab-
sorption band in the UV which is broad enough to extend a wing into
the higher-energy (blue) side of the visible spectrum.

(2) Over this wing are superposed crystal-field bands due to electronic
transitions within the incompletely filled 3 d-shell of Fe'. Owing to its
high-spin 3d’ electron configuration and the octahedral or (more rarely)
tetrahedral coordination in the iron oxides, these transitions would be ex-
pected to be forbidden by both spin and dipole (Laporte) selection rules
and hence only weakly absorb light. An example of this situation is the
pale purple color of Fe™ nitrate. However, in iron oxides the intensities
of these crystal-field bands are strongly enhanced (Fig. 3-1). The reason
for this is that the Fe™ centers in edge- or face-sharing octahedra are
close enough to each other to cause magnetic spin coupling of the 3d
electrons. Furthermore, spectroscopic selection rules for coupled Fe™-
Fe'! pairs differ from those for isolated Fe™ centers, giving rise to addi-
tional transitions by simultaneous excitation within two adjacent Fe'™,
the so-called electron pair transition (EPT in Fig. 3-1).
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Fig. 3-1. Band assignment for the diffuse reflectance spectrum of a goethite.
Note that one band could not be assigned. EPT: electron pair transition; OMCT:
oxygen-metal charge transfer. From Scheinost et al., 1999; with permission.

(3) Intervalence charge transfer (IVCT) may occur between neighboring
Fe' and Fe'" centers, leading to spin-allowed absorption bands. In the
case of green rust, such an IVCT strongly absorbs in the red portion of
the visible spectrum, giving rise to the greenish color. The IVCT of mag-
netite centers at about 1500 nm, but extends across almost all of the visi-
ble spectrum, hence magnetite is black and has a metallic luster.
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The colors of iron oxides are caused by at least two of these electron
transitions (1 and 2) as illustrated for the spectrum of goethite (Fig. 3-1).

Absorption of one part of the visible spectrum causes selective reflection
of the remaining (complementary) part. This reflected light is what is de-
tected by the eye (or any color measuring equipment) and translated into
a color sensation by the brain. For example, a pigment absorbing light
between 400 and 500 nm (blue to green) reflects between 500 and
700 nm (yellow to red), and hence appears yellow to orange (see spec-
trum of goethite in Fig. 3-2). As the absorption edge extends further into
yellow, the pigment appears red (see spectrum of hematite in Fig. 3-2).
Hence, a relatively small change in a mineral’s structure causing a slight
shift of the absorption edge, may rather drastically affect its hue. Further-
more, the slope and profile of the absorption edge also modifies color.
Generally, narrow absorption bands causing steep absorption edges pro-
duce more vibrant colors than do broad bands.

chwertmannite
goethite
lepidocrocite
akaganéite
feroxyhite

hematite
ferrihydrite

NCT
magnetite

log Reflectance

T T ] I L
25000 20000 15000 10000 5000 0
Wavenumber / cm’”

Fig. 3-2. Typical diffuse reflectance spectra of Fe oxides. Courtesy A. C. Scheinost.
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When the particle size of a pigment is close to the wavelength of visible
light, its color may be further altered by elastic scattering of the incident
and the reflected light. Thus, particle size and shape, as well as the refrac-
tive indices of the pigment and embedding medium, may further modify
the color which is primarily caused by the various absorption processes
described above. The color of a pigment is also altered by diluting it with
a non-coloring (white) agent, which influences the wavelength-dependent
absorption and scattering. The color of high pigment dilutions may be pre-
dicted by applying an equation developed by Kubelka and Munk (1931).

More detailed information on the physical causes of color can be ob-
tained from books by Nassau (1983) and Burns (1993).

3.2.2 Color Measurement

Color Charts. The colors of pigments can be routinely measured by vi-
sual comparison with color charts like the one issued by the Munsell
Color Company. This method may achieve a high precision because of
the eye’s sensitivity to small (relative) color changes. Of paramount im-
portance for reliable application is a uniform light source. The major
drawback of the method is that the resolution of color assignments is
limited by the resolution of the color chips (sce 3.2.3). Interpolation be-
tween chips is possible in principle, but difficult in practice as it has to
be done in a three-dimensional space.

Color Meter. The Chroma Meter CR-300 (Minolta, Osaka, Japan) pro-
vides both accurate and precise color data (Post et al., 1993). This color
meter uses a pulsed xenon light for stable and uniform illumination of
the sample. Three photocells measure the photons diffusely reflected by
the sample through filters matching the CIE standard observer spectral
response. A standard white plate is used for calibration. For analysis, the
hand-held detector unit which is protected by a glass window may be
placed on top of a small pile of a powdered sample (300 mg), thus stan-
dardizing the sample surface. This way, up to one hundred samples can
be precisely measured within one hour. Further advantages arc the mobi-
lity of the unit, and the output of the three color parameters in several
color systems (see below).
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Diffuse Reflectance Spectrophotometer. This instrument measures the wa-
velength-dependent reflectance of a surface relative to a white standard.
The color can be calculated from these spectra by means of computer pro-
grams (Fernandez and Schulze, 1987). In addition, absorption band posi-
tions may be extracted from the spectra by using mathematical procedures
to enhance the resolution of the generally broad and strongly overlapping
bands (Fig. 3-2). These methods include Fourier self-deconvolution (Kaup-
pinen et al., 1981), derivation (Huguenin and Jones, 1986), and band fits
with Gaussian distributions (Sunshine et al., 1990). The latter approach has
been further refined by constraining band positions according to ligand
field theory (Scheinost et al., 1998). The bands shown in Fig. 3-1 have
been fitted in this way. Standard transmission spectrophotometers covering
the visible spectrum can be converted into diffuse reflectance spectro-
meters by using appropriate attachments (either hollow spheres coated on
the inside with Halon, a white reflecting material, or so-called praying-
mantis attachments). Recently, the speed of collecting a spectrum has been
greatly enhanced by employment of diodc array detectors.

Sample preparation. Due to the influence of particle size and the parti-
cle-embedding medium on light scattering, both parameters have to be
standardized. A good method for producing isolated particles in air is
shock-freezing of a particle suspension followed by freeze-drying. Ag-
gregated particles may be gently broken up and ground until no further
change in color is observed (Torrent and Barron, 1993). However, the
color of iron oxides may also be measured in suspension, e.g. during
synthesis in the mother liquor, or immersed in oil.

3.2.3 Color Systems

A color can be numerically defined as a point in a three-dimensional color
space. In the past, a vast number of color spaces, optimized for different ap-
plications have been developed. The most physical of these is the CIE-Yxy
space, where all colors lie within a plane resembling a shoe sole. An arbi-
trary point B within that plane is defined by the Cartesian coordinates x and
y, where the redness increases with x, and the grecnness increases with y.
The lightness, Y, is perpendicular to x and y out of the plane. An alternative
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way of defining B is by drawing a line through B and the achromaticity
point, A. The intersection of that centripetal line with the perimeter gives
the dominant wavelength, A4, (580 nm for point B in Fig. 3-3). The relative
distance between A and the intersection with the perimeter gives the excita-
tion purity, P, (0.6 for point B). The dominant wavelength is therefore simi-
lar to the hue, and P, is similar to the chroma of the Munsell system.

Equal Euclidean distances in the CIE-Yxy system are not necessarily per-
ceived by a human observer as equal color distances. To match Euclidean
and perceived distances, a wide variety of so-called uniform color spaces
has been developed (Hunter and Harold, 1987). One of the first of these
uniform systems was developed in the early 1900’s by the artist A H. Mun-
sell. Starting with the observation that brighter hues like yellow and red
create a much stronger color sensation at color saturation than darker hues
like blue or green, he mounted color chips on a rotating Maxwell disk to

0.8 1

0.4

y chromaticity

0.2 1

x chromaticity

Fig. 3-3. Color designation in the CIE-Yxy system. Colors lie within the solid
lines resembling a shoe sole. Colors within that plane may be given either by the
Cartesian coordinates x and y, or by the dominant wavelength, %4 [nm], and the
excitation purity, P.. The lightness, Y, is normal to the plane. (Scheinost and
Schwertmann; 1999; with permission)
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find pairs of equal intensity perception (chroma), which he subsequently
arranged in a three-dimensional manner, often referred to as color tree
(Plate IV). An improved version of Munsell’s color tree soon became an in-
dustry standard. Nowadays, the Munsell color book contains about 1500
color chips. A color point in this system is defined by the three parameters-
hue, value and chroma. Hue refers to the spectral colors red (R), yellow
(Y), green (G), blue (B), purple (P) and their intermediates, (e.g., YR or
RP). These 10 major hues are arranged in a circle of 100° and further sub-
divided in 1° steps (e.g., 10 YR or 5 Y, Fig. 3-4). With increasing distance
from the achromatic center of this circle, N, the color intensity, or chroma,
increases from 0 in steps of one. The third parameter, value, defines the
lightness, and extends perpendicular to the hue-chroma plane, with its
greatest extension in N reaching from 0 (black) over shades of gray to 10
(white). With increasing chroma, the range in value decreases. Due to the
above mentioned unequal perception of bright versus dark hues, the result-
ing cylindrical color space is irregularly filled.

In contrast to the patchwork-like Munsell system, the CIE system and its
modifications (developed by the International Commission on Illumina-
tion, CIE, in 1931) create numerically continuous color spaces. They are
based on the principle of trichromaticity of vision which states that the
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Fig. 3-4. The cylindrical coordinates of the Munsell color systems (left) and the hue
notation (right). (Figure provided by Munsell, a division of GretagMacbeth, LLC.)
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human eye responds to only three color components, corresponding to
the tristimulus values X, Y, and Z. The tristimulus values can be mathe-
matically converted to create uniform color spaces, one of them being
the CIE-Lab system with the Cartesian coordinates L.* (lightness, corre-
sponding to value), a* (redness-greenness), and b* (yellowness-blueness,
Fig. 3-5). Alternatively, the Cartesian coordinates a* and b* may be re-

*
+b
80
yellow
4
20 }
% green red
" | M 1 H ey L
60 40 20 d 20 40
20 b
.40 F
blue

green 180

blue

Fig. 3-5. The CIE-Lab color system in Cartesian notation (a*b*, left), and in po-
lar notation (C*H?, right). (Scheinost and Schwertmann; 1999; with permission)
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placed by the polar coordinates C* (CIE-chroma) and H® (CIE-hue). H®
describes a circle of 360°, where 0° corresponds to red, 90° to yellow,
180° to green, and 270° to blue (Fig. 3-5). While Cartesian coordinates
are the best choice for any statistical data treatment of color points, col-
ors in cylindrical coordinates are easier to visualize.

Note that the uniformity of a color space is of concern only if color is
regarded as a (visual) quality. When using color as an analytical tool, the
color system which differentiates the iron oxides most effectively would
be the most favorable, no matter whether it is uniform or not. A discri-
minant analysis performed with a large number of iron oxide samples
showed that CIE-Yxy, CIE-Lab, and the Munsell system performed
equally well (Scheinost and Schwertmann, 1999). Therefore, the choice
of a color system is not crucial. Furthermore, computer programs are
available which transfer colors from one system into another. More de-
tails on color theory and color systems are given by Wyszecki and Styles
(1982) and Hunter and Harold (1987).

3.2.4 Identification of Iron Oxides by Color and Crystal-Field Bands

Tables 3-2 and 3-3 give the color ranges of 8 iron oxide minerals in the
two most common color systems, Munsell and CIE-Lab. These tables
have been compiled from Chroma Meter measurements of 165 synthetic
samples. Hematite has the most reddish average hue, while feroxyhite,
ferrihydrite, akaganéite, lepidocrocite, maghemite, schwertmannite and
goethite exhibit increasingly yellower hues. The redder hues of hematite
and feroxyhite are due to face-sharing octahedra, where adjacent Fe cen-
ters are as close together as 0.29 nm, thus strongly enhancing EPT. In
contrast, the other minerals are only built up from edge- and corner-shar-
ing octahedra, where Fe centers are 0.3—0.33 and 0.35 nm apart, respec-
tively, giving rise to more yellowish hues. Magnetite and partly oxidized
magnetite have the darkest values due to the existence of Fe" and Fe™
causing IVCT bands. The average values of the other, purely Fe™ miner-
als rank similarly to their average hues. This ranking reflects the fact
that red hues appear darker to the eye than yellow hues. The darker val-
ues of maghemite, hematite, feroxyhite, akaganéite and ferrihydrite cor-
respond also to their lower chromas.
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Table 3-2. Munsell colors of synthetic Fe oxide samples (mean, minimum —
maximum)

Hue Value Chroma N

Akaganéite 54 YR 3.9 5.8 8
4.4 YR-8.0 YR 2.8-5.0 44-69

Ferrihydrite 44 YR 38 4.7 10
2.8 YR-55YR 2.3-54 1.9-6.6

Feroxyhite 39YR 3.8 59 11
1,5 YR-5.4 YR 34-4.7 42-7.0

Goethite 05Y 6.1 7.1 54
81YR-16Y 4.9-6.9 6.2-9.6

Hematite 03 YR 3.6 3.6 44
35R-4.1YR 24-44 24-44

Lepidocrocite 6.7 YR 5.5 8.3 26
~ 49YR-74 YR 4.6-5.9 7.3-9.9

Maghemite 83 YR 3.1 32 7
6.2 YR-9.4 YR 2.5-3.6 2.5-4.1

Schwertmannite 8.8 YR 6.2 7.9 5
7.7 YR-9.2 YR 5.6-6.5 73-9.1

In spite of a substantial variability of color within the minerals, goethite,
hematite, lepidocrocite and ferrihydrite can be easily distinguished by
hue and chroma (Fig. 3-6). Hematite is always redder than 4.1 YR, and
gocthite is yellower than 8.1 YR. Ferrihydrite and lepidocrocite have in-
termediate hues, and are separated by chroma. The color of maghemite
is unique due to values lower than 3.6 and hues yellower than 6.2 YR.
Feroxyhite overlaps with hematite in hue and value, but exhibits a higher
chroma than hematite. Akaganéite overlaps with ferrihydrite in hue,
value and chroma. Only akaganéite samples with a hue yellower than
5.5 YR may be reliably distinguished from ferrihydrite. Finally, schwert-
mannite samples may be distinguished from goethite only if they are red-
der than 8.1 YR. In conclusion, for six out of eight iron oxide minerals
color is a reliable indicator of a successful mineral synthesis *.

* Natural iron oxide samples, often less crystalline and less pure than samples made in the
laboratory are more difficult to identify by color (Scheinost and Schwertmann, 1999).
They may also be cemented into dense masses the colors of which are usually much dar-
ker than those of powders of the same material (Schwertmann, 1993)
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Table 3-3. CIE L*C*H" colors of synthetic Fe oxide samples (mean, minimum

— maximum)
L* C* H° N
Akaganéite 40 35 63 8
29-51 25-43 55-71
Ferrihydrite 39 27 57 10
23-56 10-39 44-63
Feroxyhite 39 34 56 11
35-48 24-41 45-63
Goethite 63 47 80 54
51-71 41-62 72-84
Hematite 37 29 42 44
25-45 9-42 21-57
Lepidocrocite 57 50 68 26
47-61 45-60 63-70
Maghemite 32 20 68 7
25-37 15-24 61-72
Schwertmannite 64 50 75 5
58-66 45-58 71-77
10RP
B Hematite
O Femihydrite
O Lepidocrocite
® Goethite
10YR
5Y
10

4 8
Chroma

Fig. 3-6. Munsell colors of hematite, ferrihydrite, lepidocrocite, and goethite

samples. (Figure provided by Munsell, a division of GretagMacbeth, LLC.)
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Depending on the type of mineral, individual samples may deviate from
the average by up to 3.8 units of hue (hematite), 1.6 units of value (ferri-
hydrite), and 2.8 units of chroma (ferrihydrite). This intra-mineral varia-
bility can be explained by differences in crystailinity, particle shape, parti-
cle size, and aggregation. Decreasing crystallinity may cause a broader
distribution of electron transition bands, and hence smoother absorption
spectra with a less vibrant appearance. The particle shape influences the
orientation of particles towards the incident light. For instance, platy parti-
cles may be oriented along one crystallographic axis, while spherical par-
ticles may absorb along randomly oriented axes. As the absorption spectra
vary with the crystallographic orientation, this may have a profound influ-
ence on the color. Thirdly, mean particle size and its distribution and the
aggregation of particles influence the scattering of the incident and the re-
flected light, further modifying the appearance of the color.

Due to the large number of possible interactions, quantitative relation-
ships with color have been established for a few cases only. The color of
hematite changes from yellow-red to blue-red as the diameter of crystals
increases from 0.1 to 1.0 pm (Schwertmann, 1993) (PlateVI). A similar
effect is obtained by the aggregation of hematite crystals (Torrent and
Schwertmann, 1987). Acicular hematite crystals have a more yellow hue
than hexagonal hematite crystals (Hund, 1981). While well crystalline
goethite appears moderately yellow, the color shifts towards darker val-
ues and redder hues as the needle length decreases from 0.8 to 0.05 um
(Scheinost et al.,, 1999) making the goethite look more brownish (see
also chap. 5.2.3). In a similar manner, the color of lepidocrocite changes
from the bright orange of larger crystals to the dark brownish-orange of
smaller crystals (Plate VI).

Substituting part of the iron atoms by other metals also has an influence
on the color. In the case of Al substitution, the observed shift toward red-
der hues is predominantly due to the correlated decrease in particle size
(Scheinost et al., 1999). An increase in value (lightness) with increasing
Al substitution was found for synthetic Al-hematites (Barron and Torrent,
1984). Other transition metals add their own electron transition bands to
those of iron, leading to a red shift with increasing amounts of Cr, Co
and Ni, and to a green shift with increasing V and Mn (Fig. 3-7).

Diffuse reflectance spectra (DRS) like those shown in Fig. 3-2 may also
be used to distinguish between several iron oxide minerals. Band posi-
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Fig. 3-7. Munsell hue of goethite as a function of substitution with transition
metals. (Courtesy A. C. Scheinost, ETH2.)

tions can be determined using second derivatives of the measured spectra
after applying a cubic-spline data smoothing (Scheinost and Schwert-
mann, 1997). While the reliability of mineral discrimination based on
DRS is comparable to that based on color, the advantage of employing
DRS is in detecting hematite, maghemite and magnetite impurities in
other iron oxides. The EPT of hematite is at about 540 nm, hence at sig-
nificantly higher wavelength than the EPT of other iron oxides (<500 nm,
Fig. 3-8). The unique characteristic feature for magnetite and incomple-
tely oxidized maghemite is the IVCT band at about 1500 nm (Fig. 3-2).
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Fig. 3-8. Second-derivative spectra of hematite/goethite mixtures. With permis-
sion from Scheinost et al. (1998).

3.3 X-Ray Powder Diffraction

A mineral is defined by its structure, i.e. by the regular arrangement of
its atoms in space. Only those methods, therefore, which reflect the
structure are capable of providing unambiguous identification of a parti-
cular oxide. In general, diffraction methods fulfill this purpose and X-
ray powder diffraction (XRD), the most common of these, is essential
for identification and control of the purity of the product. The minimum
size required for a crystal to diffract X-rays is of the order of a few unit
cells (ca. 2—3 nm). Electron diffraction is another method often used for
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iron oxides. In addition to phase identification, XRD provides informa-
tion about crystal size (and hence surface area) and crystal perfection,
structural parameters (unit cell edge lengths) and degree of substitution
of Fe by other trivalent cations (isomorphous substitution). A full ac-
count of the theory and practice of X-ray diffraction is provided in many
textbooks (e.g. Klug & Alexander, 1974; Brindiey & Brown, 1980; Bish
& Post, 1989). In this section, a brief account of certain features which
are relevant for the characterization of iron oxides, is presented.

The X-ray diffraction pattern of a powdered sample is a plot of the ob-
served diffracted intensity of the X-rays against the Bragg angle, i.e. the
angle at which the X-rays strike the crystal and for which the maximum
interference is observed. An XRD patttern of a crystalline phase, there-
fore, consists of a number of reflections (peaks) of different intensities
which provide a fingerprint of the atomic structure. From these patterns
the mineral-specific distances between the atomic layers (d-values) can
be calculated using the Bragg equation and from the set of d-values the
mineral(s) can be identified. The strongest XRD peaks for the different
Fe oxides are listed in Tab. 1-3. The full set of d-values for each mineral
can be found in the Powder Diffraction File (International Centre for Dif-
fraction Data; Newton Square, Pennsylvania 19073-3273, USA).

The X-ray pattern is preferably recorded stepwise using a goniometer
equipped with a proportional or scintillation counter and a registration
unit. The type of X-ray radiation normally used for Fe oxides is CoKa
(as used in this book) or FeKo with a wave length of 0.178890 and
0.193604 nm, respectively. CuKa radiation is less suitable because it is
strongly absorbed by Fe rich phases leading to loss of X-ray intensity
and a high background due to fluorescence radiation. The latter can be
removed with a monochromater. '

How the reflected X-rays are collected with respect to angular range,
step size and counting time per step will depend on the information re-
quired. For quick identification of an oxide and its possible impurities,
a limited angular range comprising the strongest diffraction peaks
(Tab. 3-1), wide angular steps (e.g. 0.05-0.1°20) and short counting
times per step (1-5 s) are usually sufficient. To characterize the product
in more detail, however, wider angular ranges (down to d-values of ca.
0.1 nm), smaller steps (e.g. 0.02°20) and longer counting times (10—
20 s) are necessary. Poorly crystalline, i.e. weakly diffracting oxides,
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such as ferrihydrites, with broad peaks require longer counting times but
tolerate larger steps.

To measure the angular position, intensity and shape of the peaks, the
step-counted pattern is usually computer-fitted using either empirical sin-
gle-peak models based on a range of different peak profiles or, more re-
cently, the Rietveld model which produces a whole-pattern fit. The Riet-
veld model compares a calculated pattern based on the simultaneously
refined model for crystal structure, diffraction optics, instrumental fac-
tors and other characteristics with the experimental pattern. Preferred or-
ientation, asymmetric crystal development and peak broadening due to
small crystals and structural disorder can also be accounted for. Numer-
ous versions of the fit program exist and further improvements are con-
tinuously produced (see httd//sun7.unige.ch/stxnews/stx/welcome.htm).

To correct for instrumental misalignment an internal standard, e.g.
10% silicon (Si) or corundum (o-Al,0O3) powder (1 um; Fisher Comp.
122651 K) should be mixed with the sample. The peak width must be
corrected for the instrumental broadening using a well crystalline stan-
dard, such as lanthanum boride LaB. As an example, a Rietveld fit of an
X-ray pattern from a mixture of synthetic hematite and goethite is shown
in Fig. 3-9.

If the peak positions are used to determine the unit cell edge lengths,
a further correction of the peak position (so far not incorporated in avail-
able Rietveld models) is needed for very small crystals the broad peaks
of which may show an (apparent) shift A°20 due to inconstancy of the
Lorenz-polarization and structure factor over the angular range of the
peak.

This correction increases as the full width of the peaks at half height
(FWHH) becomes broader. Schulze (1984) calculated this shift for the
four strongest reflections of goethite (Fig. 3-10 upper) and Stanjek (1991)
for those of hematite (Fig. 3-10; lower). As seen from the two figures, a
correction for both oxides is only necessary for a corrected FWHH greater
than ca. 0.6°28 which corresponds to a crystal size of ca. 10—20 nm. The
figures show that the correction is very much hkl-dependent.

The corrected FWHHSs can be used to further characterize the crystal size
(more precisely the size of the mean coherently scattering domain, MCD)
in the various crystallographic directions if this is smaller than ¢a.100 nm.
For example, small hematite crystals are often less developed in the [001]
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Fig. 3-9. Rietveld-fit of an X-ray diffractogram. The sample is an artificial mix-
ture of synthetic hematite, goethite and corundum (internal standard) in a ratio
of a:b:c. The X-ray diffractogram (upper) is followed by the x-ray line positions
of the three components (middle) and the differences between the measured and
the fitted intensities (residuals). Courtesy J. Fried] and H. Stanjek).

than in the [hkO0] direction, because of their platy, i. e. anisotopic morphol-
ogy, yielding broadened (hkl) and sharp (hk0) peaks. It must be taken into
account, however, that peak broadening is also caused by structural disor-
der. The term crystallinity is therefore often used as a collective term un-
der which both, crystal size and disorder are grouped together.

The degree of isomorphous substitution of Fe by other cations can be
determined by chemical analysis provided that the sample consists only
of one phase and that all of the foreign cations are incorporated into the
structure. A definite proof of structural incorporation can, however, only
be deduced from a shift in the position of the XRD peaks. A shift only
occurs if the replacing cation is sufficiently different in size from that of
the Fe™ ion. The most widely studied case for such a replacement is that
of Fe™ (r = 0.064 nm) by the smaller Al (r = 0.053nm) (see Tab. 1-2).
This leads to slightly smaller unit cell as indicated by a shift of all peaks
towards higher angles. Changes in the unit cell size have also been mea-
sured for a range of di-, tri- and tetravalent metal cations including the
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Fig. 3-10. Apparent shift of major XRD peaks as a function of corrected width
at half height (FWHH) for goethite (upper) and hematite (lower). From Schulze,
(1984); with permission and Stanjek, (1991); with permission.

potentially toxic metals Co, Ni, Zn, Cd, Pb. The extent of the peak shift
can be used to quantify the extent of isomorphous substitution even in
mixtures of several oxides. The accuracy for Al substitution is about
0.02 mol per mol of Fe.
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Theoretically the unit cell edge lengths of a mixed phase (solid solution)
should lie on a straight line between those of the two end members, e.g.
goethite and diaspore, AIOOH, (Vegard rule, Vegard, 1921). For Fe'™ ox-
ides, however, the change in unit cell edge length is usually smaller than
that expected from the Vegard rule. This can be due to incorporation of
(additional) OH into the structure as shown for Al-substituted hematites
synthesized at low temperatures. Heating of such hematites removes OH
and thus lowers the unit cell size (Wolska, 1988, Stanjek & Schwertmann,
1992; Schwertmann et al. 2000). Similar effects can be observed for Al-
goethites (Fey & Dixon, 1981; Schwertmann & Carlson, 1994; Schwert-
mann & Stanjek, 1998). In other words, different linear relationships are
obtained for oxides produced in different ways. Furthermore, although
Mn'™ is of the same size as high-spin Fe'"", it causes the unit cell of goethite
to expand in the g direction and shrink in the b and ¢ directions owing to
the so-called Jahn-Teller effect which distorts the coordination sphere.

In summary, because the relative change in cell edge lengths depends on
the way in which the samples are synthesized, the degree of substitution
of an unknown sample can only be obtained from relationships between
the chemical composition and the crystallographic data for monominera-
lic phases which have been synthesized in the same or similar way.

A review of such relationships for various oxides and cations is given in
Cornell & Schwertmann (1996).

3.4 Microscopy

Microscopy enables crystal size, morphology and domain character to be
observed directly. Light microscopy is not suitable for the preparations
described in this book, because the particles are too small. Electron mi-
croscopy enables much higher magnifications to be obtained; with High
Resolution Electron Microscopy (HRTEM) the lattice fringes may be im-
aged. Scanning Electron Microscopy (SEM) produces three dimensional
images at moderate magnification, whereas Transmission Electron Mi-
croscopy (TEM), provides two dimensional images of crystals ranging in
size from a few nm to one or two m across. The comparatively recently
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developed Scanning Probe Microscopy (Binnig et al.; 1986) permits
three-dimensional observations at the nanometer or even atomic level.
This technique operates in two different ways. With Scanning Tunneling
Microscopy (STM) a sharp metallic tip scans closely (<1 nm) over a
conducting or semiconducting surface. Its application to minerals has
been reviewed by Hochella (1995) and Eggleston (1994). For Atomic
Force Microscopy (AFM), on the other hand, the sample (which can be
non-conducting) is mounted on a piezoelectric tube, rastered with a
sharp tip mounted on a cantilever and the reflection of the cantilever
monitored (Maurice, 1998). Applications of both techniques to Fe oxides
are found in Hochella, (1995); Maurice et al. (1995); Weidler et al.
(1996) and Forsythe et al. (1998). ~

Of all these techniques, TEM is the one most routlnely used to examine
the Fe oxides produced by the recipes in this book. For TEM examina-
tion a drop of a suspension of sample in twice distilled water (dispersed
with ultrasonic treatment if necessary).is placed on a carbon coated,
copper grid. For HRTEM, a holey carbon grid is used. A dilute suspen-
sion (0.01% by weight) is essential to avoid both a crowded grid and
aggregation of particles which make crystal shape and size difficult to
determine. The crystal lengths and widths are measured directly from
the electron micrograph. The heights of the particles must be found by
shadowing the sample with chromium at an angle of 45°. The length of
the shadow cast is then equal to the crystal height. An example is
shown in Fig. 3-11. From the lengths of the shadows it can be con-
cluded that the crystals consist of flat laths. To obtain the average parti-
cle size and its frequency distribution, enough particles from a represen-
tative sample must be measured so that the average dimensions show no
change when additional particles are included. This number depends on
the uniformity of the particles. Schulze and Schwertmann (1984)
counted between 60 and 90 particles on magnified TEM images to de-
termine the dependance of the lengths-and widths of acicular goethlte
crystals on Al-substitution. :

Prolonged exposure of the sample to the electron beam may cause radia-
tion damage particularly in the case of akaganeite (Galbraith et al.;
1979). A technique for imaging particles in agueous suspensions in a
supercooled, vitrous state is Cryogenic TEM. It has been applied to Fe
oxides by Bailey et al. (1993).
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Fig. 3-11. Lepidocrocite crystals shadowed with 5.0 nm chromium at 45°. The
sample was synthesized by oxidizing an FeCl, solution with air at 50 °C. (Photo
and recipe- R. Giovanoli, Univ. Bern).

3.5 Surface Area, Porosity and Fractal Dimensions

Essential characteristics of fine-grained solids, such as the Fe oxides, in-
clude the specific surface area, the porosity and the fractal structure. The
standard procedure for measuring these properties is the Brunauer-Em-
met-Teller (BET) method (Gregg & Sing, 1991) This depends on the fact
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that if a gas is brought in contact with a powdered solid (adsorbent) at a
temperature near the condensation temperature of the gas, the gas mole-
cules may form a monolayer at the surface from which the surface area
can be calculated if the area occupied by one gas molecule is known.

Before adsorption, the solid must be evacuated overnight at a tempera-
ture of between 100 and 150°C to remove physically adsorbed water
which would otherwise interfere with the N, adsorption. Usually, this
treatment does not lead to phase changes or transformations in most of
the iron oxides. Although temperatures of between 90 and 120 °C are ne-
cessary to remove surface water from ferrihydrite, the phase transforma-
tion is blocked once adsorbed water is removed (Weidler, 1997).

The better crystalline iron oxides do not have an internal surface area,
hence the BET method measures the total surface area of the solid. Ferri-
hydrite, however, frequently contains aggregates the internal surfaces of
which may not be entirely accessible to N;, hence the BET surface area
is much lower than that calculated from the average particle size ob-
tained by electron microscope observation. For example, for spherical
particles with a diameter of 3 nm and a density of 3 g/em® a 2-line ferri-
hydrite would have a surface area of ca. 600 m”/g whereas its N,-BET
surface is hardly ever higher than ca 300 m%/g. Indeed, ferrihydrites are
usually strongly aggregated irrespective of whether dried in air or freeze-
dried.

N, adsorption is also used to estimate the micro pore volume and the
pore size distribution (see e.g. Glasauer et al. 1999) which can be derived
from a plot of adsorbed N vs. the thickness of a statistical monolayer, t,
which is a function of the relative gas pressure (t-plot method). Mercury
porosimetry serves the same purpose (Celis et al. 1998). N, adsorption
isotherms have also been used to determine the fractal dimensions of Fe
oxide particles (c. f.. Celis et al. 1998; Weidler et al. 1998).

3.6 Acid Oxalate Extraction

When an iron oxide such as goethite or hematite is produced from 2-line
ferrihydrite, the product can be purified by selectively dissolving the re-
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maining ferrihydrite. This method is also used to estimate the degree and
rate of conversion of ferrihydrite.

In the absence of light, a buffered oxalate solution which consists of 0.2 M
ammonium oxalate brought to pH 3 with 0.2 M oxalic acid, dissolves fer-
rihydrite at RT within 2 hours while leaving the crystalline phases essen-
tially (=< 2%, depending on crystallinity; Schwertmann, 1973) undis-
solved (Schwertmann, 1959a; 1964). The ratio of oxalate soluble Fe (Fe,)
to total Fe (Fe,), Fe,/Fe, (Fe; is found by complete dissolution of the sam-
ple) gives the proportion of ferrihydrite in the sample. During the extrac-
tion the sample should be agitated. Light can be excluded by wrapping the
reaction vessel in aluminium foil or using a dark room. In the presence of
light goethite and hematite will dissolve as well as ferrihydrite (Cornell &
Schindler, 1987). The amount of oxalate solution used should not be less
than approximately 1 ml per mg oxalate-soluble Fe. If less oxalate solution
is used, yellow Fe'-oxalate may precipitate in the filtered extract and
hence the amount of Fe, in the sample will be underestimated. If oxalate
extraction cannot be used because of oxalate adsorption by the undis-
solved part of the sample or because the sample contains magnetite, it can
be replaced by a short extraction (30 min, 25 °C) with 0.4 M HCL

How precisely the above methods will separate ferrihydrite from better
crystalline oxides depends on the form and crystallinity of the latter. A
positive relationship was found between Fe,/Fe; on the one hand and the
surface area and XRD line width on the other for 14 synthetic goethites
(range of Fe,/Fe, = 0.003—0.05) and 15 synthetic lepidocrocites (range of
Fe,/Fe; = 0.06—077) (Schwertmann, 1973). This shows that whereas
goethites (and hematites) are essentially insoluble in oxalate irrespective
of their crystal size, the method can only be used for well crystalline le-
pidocrocites. The same applies to the use of dilute strong acids.

3.7 Infrared Spectroscopy

Infrared spectra arise as a result of interactions of solids with electromag-
netic radiation (photons) in the wavelength range 1-500 pm (i.e. wave
numbers of 10,000—20 cm™). These interactions involve excitation of vi-
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brations or rotations of molecules in their electronic ground state and are
associated with stretching deformations of the interatomic bonds and bend-
ing deformations of the interbond angles. The frequency of radiation ab-
sorbed depends upon the rotational energy levels and the force constants of
the interatomic bonds (Farmer, 1974; Griffiths & de Haseth, 1986).

A transmission infrared spectrum is a plot of percent radiation absorbed
versus the frequency of the incident radiation given in wavenumbers
(cm™') or, occasionally, in wave lengths (um). Increased resolution is
provided by Fourier Transform IR (FTIR) which averages a large number
of spectra and gives an improved signal to noise ratio and hence in-
creased sensitivity compared with conventional IR spectroscopy. FTIR
also permits more rapid collection of data. A variation of this method is
reflectance spectroscopy: this may be external (Diffuse reflectance-DR
FTIR) or internal (attenuated total reflectance-ATR FTIR). DR-FTIR is
used for samples with poor transmittance, e.g. cubic hematite crystals.
ATR-FTIR is suitable for investigation of suspensions of oxides and has
been used to study the surface chemistry of goethite and interactions
with adsorbing species (Tejedor-Tejedor & Anderson, 1986).

For Fe oxides, FTIR spectroscopy provides a rapid means of identifica-
tion. It can detect traces (1-2%) of goethite in a sample of hematite. In
addition, low levels of impurities arising from insufficient washing, for
example nitrate in ferrihydrite (band at 1384 cm™') and carbonate in
goethite (ca. 1300 and 1500 cm ') can be detected. Broadening of the
absorption bands reflects a decrease in crystal perfection (Cambier,
1986). Structural substitution of Fe by Al (Schulze & Schwertmann,
1984), Mn (Stiers & Schwertmann 1985), and Cr (Schwertmann et al.
1989) causes a shift in the positions of the bands.

The most convenient method of sample preparation for routine identifi-
cation of Fe oxides is DR-FTIR: just load the powder in a holder. Thin
self-supporting films of goethite may also be prepared for IR examina-
tion by vacuum filtering a goethite suspension (0.1 g/50 ml water)
through a 0.45 pm filter paper (Cornell, 1983). Such films are useful for
gas adsorption studies and for examination of surface hydroxyl groups.
They can be converted into self-supporting hematite films by heating at
350 °C (see Plate VII).
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3.8 Thermoanalysis

A sample is continuously heated at a constant rate (e.g. 10°C min )
while two changes are recorded: (1) the temperature difference between
an inert compound and the sample with a thermocouple (differential
thermo analysis; DTA) and (2) the weight loss measured with a balance
(thermogravimetry; TGA) (Mackenzie, 1957; Smykatz-Kloss, 1974).
With DTA, information is obtained about endothermic and exothermic
phase transformations (see Fig. 1-2), whereas with TGA adsorbed water
and structural OH can be measured.

All fine grained Fe oxides losc adsorbed water at characteristic tempera-
tures of between 100 and 200 °C. Structural OH in goethite and lepido-
crocite is lost at 250—400 °C by the dehydroxylation reaction: 20OH — O
+ H,O. Even fine grained oxides such as hematite contain some OH in
the structure (Stanjek & Schwertmann, 1992) and this is driven off over
a wide temperature range. For Fe oxides endothermic peaks result from
the release of adsorbed or structural water, whereas cxothermic peaks
come from phase transformations (e.g. maghemite to hematite) or from
recrystallization of smaller crystals into larger ones. An example of this
is observed during the transformation of ferrihydrite to hematite.

3.9 Méssbauer Spectroscopy

Among the spectroscopic methods, Mdssbauer spectroscopy (nuclear re-
sonant y-ray absorption spectroscopy) has the great advantage of being
element-specific and as *’Fe is a convenient Méssbauer active isotope,
the technique is very suitable for iron oxides. It supplies information
about the magnetic field at the nucleus, the valence of the Fe and the
type of coordination and order within the ligand shell. Common mag-
netic hyperfine properties extracted from Mdssbauer spectra are the iso-
mer shift, the quadrupole splitting and the magnetic hyperfine field.
When the oxide particles are very small (tens of nm), fluctuations of the
electron spin direction may be so fast that the nucleus can no longer fol-
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low them and therefore senses a net zero magnetic field. This phenom-
enon is called superparamagnetism. The spin reorientation can be slowed
down by reducing the sample temperature eventually as far down as 4 K
and the temperature at which the nucleus again senses a magnetic field
can be used to calculate the particle size. Valuable additional information
about the magnetic ordering behavior of small crystals can be obtained
from the temperature dependence of the hyperfine parameters. Al as a
diamagnetic ion reduces the magnetic ordering temperature if incorpo-
rated into the structure.

For reviews on the subject dealing with Fe oxides the reader is referred
to Murad and Johnston, (1987) and Chapter 7.5 in Cornell & Schwert-
mann, (1996).
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4.1 Nucleation and Crystal Growth

Formation of iron oxides in aqueous systems involves nucleation and
crystal growth. A brief summary of these topics is provided as a back-
ground to the synthesis methods described in this chapter. Fuller details
can be obtained in the books by Nielson (1964), Walton (1967) and Mul-
lin (1993).

4.1.1 Nucleation

Homogeneous nucleation occurs spontaneously in bulk solution when the
supersaturation® exceeds a certain critical value. The essential require-
ment for precipitation to take place is the formation of stable, embryonic
clusters of molecules or ions, the so-called nuclei, in solution. These em-
bryonic nuclei form as the result of collisions of ions or molecules in
the bulk solution prior to nucleation. The embryos are continually break-
ing up and reforming. The stability of an embryo depends upon a bal-
ance being achieved between the free energy necessary for the creation
of a new interface, the interfacial or surface energy, AGgymee, and the
energy released by the formation of bonds in the bulk structure, AGyyy.
The free energy of nucleation, AGy is the sum of these two energies.
Only when the embryo exceeds a certain critical size, does AGyuy pre-
dominate. From this point on, the nucleus grows by a decrease of free
energy. The critical nucleus, i.e. the smallest embryo that can actually

* A solution is supersaturated with respect to a certain compound if the ion product of this
compound exceeds its solubility product.
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continue to grow to a crystal becomes smaller, the lower the interfacial
free energy.

The crucial parameters governing AGy are the interfacial energy of the
nucleus, AGgyface, and the supersaturation of the solution. As the rate of
nucleation, Jy, is related to AGy, these parameters also influence Jy. The
rate of nucleation is slow until a critical supersaturation is achieved, after
which it rises rapidly.

When a solid can exist as two or more phases with different solubilities
(e.g. as ferrihydrite and as goethite), the initial precipitate is often the
more soluble phase, although it might be expected that the less soluble
phase should form first because, for this phase, the supersaturation is
higher. However, as the rate of nucleation depends on interfacial energy
as well as on the degree of supersaturation, the more soluble phase may
precipitate first, if the interfacial energy of the critical nucleus of this
phase is Jower than that of the critical nucleus of the less soluble phase.
Owing to its higher solubility, the initial precipitate may, however, subse-
quently transform into the less soluble phase. This behavior, whereby the
unstable polymorph forms first, or, in other words, kinetic factors over-
ride thermodynamics, is referred to as the Ostwald Law of Stages: it oc-
curs quite often in the iron oxide system.

Heterogeneous nucleation occurs when the presence of a solid phase re-
duces AGy and thus leads to an increase in Jy. The substrate may be
minute particles of a foreign phase or crystals (seeds) of the phase that
is crystallizing.

Heterogeneous nucleation can take place at a lower level of supersatura-
tion than is required for homogeneous nucleation. The suitability of a
foreign solid as a substrate is mainly a question of the degree of match-
ing between structure type and atomic distances, rather than the chemical
similarity of the two solids. With a good match between the structures of
the crystal and the substrate (<20% difference) the interfacial free en-
ergy difference between a given crystal face and the substrate is lower
than that between the same crystal face and the solution, hence nuclea-
tion is facilitated.

Examples of both homogeneous and heterogeneous nucleation exist in
the iron oxide system. Goethite precipitates directly from soluble ferric
species in solution. Its formation can, however, be assisted by addition of
seed crystals of goethite to the system. As the interplanar spacings in the
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structures of goethite and hematite are comparable, hematite crystals can
also serve as a substrate for heterogeneous nucleation of goethite giving
rise to epitaxial* twins (Fig. 5-14). In solid-state transformations, nuclei
form at sites at which local ordering has occurred (e.g. for hematite for-
mation from ferrihydrite) or in regions of increased structural strain
(e.g. during dehydration of lepidocrocite to maghemite). In such cases,
addition of seed crystals of the product to the system does not promote
further nucleation. If local ordering within the solid precursor can be in-
duced, however, nucleation of the product can be promoted. In the case
of hematite this is achieved by adsorption of oxalate (a chelating ligand)
on ferrihydrite (Fischer and Schwertmann, 1975).

4.1.2 Crystal Growth

Although a certain degree of supersaturation is needed for crystal growth,
it is much less than that required for nucleation. Crystal growth involves
a number of steps including diffusion of the growth units to the crystal
surface and diffusion and adsorption processes at the surface itself. The
overall rate of growth is determined by the slowest of these steps.

The habit of the crystal is governed by the rates of growth of the differ-
ent faces. Those faces which grow slowly tend to persist, whereas fast
growing faces are eliminated. Foreign species which are adsorbed on the
surface of the growing crystal may alter the rates at which the different
faces grow and thus cause a change in crystal habit. This is a common
phenomenon in the iron oxide system.

4.1.3 Production of Monodispersed Particles

Iron oxide samples often display a wide range of particle sizes indicating
that nucleation and crystal growth took place simultaneously over the
bulk of the reaction. In recent years, attention has been focussed on the
production of oxides with different shapes and also with a narrow range
of particle sizes, so-called monodispersed products (see Fig. 10-6). This

* Epitaxy: Growth of one phase on the surface of a crystal of another phase.
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interest has been stimulated by the fact that magnetic, optical, electronic
and catalytic properties can vary markedly with particle size and also
shape. Monodispersed Fe oxides form ideal systems for fundamental in-
vestigations into these properties. They are also often used for investigat-
ing adsorption and dissolution processes.

The mechanisms by which monodisperse particles form are not yet fully
understood although a large number of papers, especially on monodis-
persed hematite with various crystal shapes, has been published by, for
example, Matijevic and coworkers (Matijevic and Partch, 2000) and by
Sugimoto and coworkers (cf section 10.4). Originally, it was considered
that the necessary requirements for production of monodisperse particles
are separation of nucleation and crystal growth and a continuous supply
of growth units, i.e. reactive, low-molecular weight ionic species. The
separation of nucleation and growth can be achieved by arranging the re-
action conditions so that there is slow generation of growth units until
the critical supersaturation for nucleation is exceeded, at which point the
supersaturation is reduced by a burst of nucleation. Thereafter, the
growth units are taken up by the nuclei. Their rate of formation must be
sufficiently slow so that they are removed entirely by the nuclei i.e. their
concentration never reaches a high enough level for further nuclei to
form. Slow production of growth units can be readily achieved by the
controlled decomposition of a soluble Fe complex (see 4.2.5) or the dis-
solution of a solid precursor, such as 2-line ferrihydrite.

Methods used for the production of monodispersed Fe oxides include
forced hydrolysis (i.e. hydrolysis at elevated temperatures) of acidic Fe™
solutions under well defined conditions (Section 4.2.1 and Section 10.2),
the gel-sol method, seeding during forced hydrolysis and via solution
transformation from either a solid or a soluble precursor. The seeding
method was applied by Penners (1985) to forced hydrolysis of Fe' solu-
tions to produce monodispersed hematite crystals with sizes ranging
from 0.15 to 0.56 wm. Most attention has been directed towards synth-
esis of hematite, although acicular goethite has been synthesized by hy-
drolysis of Fe™ solutions and uniform spheres of magnetite were pro-
duced by partial oxidation of Fe(OH), at high pH (Sugimoto and Matije-
vic, 1980).
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4.1.4 Production of Nanoparticles

Synthetic Fe oxides are usually in the micron or submicron size range.
Ultrafine particles with dimensions in the nanometer range frequently re-
quire more specialized techniques than do the larger crystals. The two
basic requirements for a monodisperse system must be met and in addi-
tion, coagulation and/or contact recrystallization of the primary particles
must be prevented.

If precipitation is carried out a pH well away from the point of zero
charge (PZC), coagulation can be prevented by repulsion of the electrical
double layers of the particles. For maghemite nanoparticles, for example,
precipitation is carried out at pH 2 (Tronc et al., 1995). Alternatively, a
repulsive force, (involving electrostatic or steric hindrance) can be set up
by adsorption of protective agents on the surface of the particles; for ex-
ample, monodispersed iron oxide was produced by oxidation of Fe penta-
carbonyl with H,O, in ethanol. The alcohol helped stabilize the particles
against coagulation (Joekes et al., 1981). Other workers have used gel
networks or supports or vesicles to ensure separation of the particles.
The supports can provide a framework or even a template for growth as
well as preventing coagulation/agglomeration. Well dispersed hematite
or maghemite nanoparticles have been prepared in silica xerogels (Mor-
ris et al., 1989; Chaneac et al., 1995; Ennas et al., 1998); such particles
have been used to investigate magnetic phenomena. Well dispersed, na-
nosized magnetite has been precipitated in vesicles (Mann et al. 1979)
and in elastic, polystyrene, polyacrylate copolymer gels (Breulmann
et al., 1998). At present, these techniques rarely lead to a pure product.
The Fe oxide is usually embedded in the support and cannot be separated
from it. Such products are termed inorganic/organic composites. They
are suitable for studies of magnetic and elastic properties. A related
synthesis involves preparation of magnetic paper by in situ precipitation
of maghemite and/or magnetite followed by introduction of the inorganic
particles into the lumen of the cellulose fibres; excess of Fe oxide is
washed off (Carrazaba-Garcia et al., 1997).
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4.2 Main Routes of Synthesis

Almost all the iron oxides and hydroxides can be prepared by a number
of synthesis pathways. The route followed frequently influences the
properties of the product, particularly crystal morphology, degree of
crystallinity, sample surface area and water content. The main synthesis
methods are described in the following sections.

4.2.1 Hydrolysis of Acidic Solutions of Fe'™ salts

Atvery low pH (<1), Fe®" exists as the purple, hexa-aquo ion, [Fe(H,0)s]*".
Hydrolysis involves the stepwise elimination of protons from the six
water molecules that surround the central Fe cation to form mono- and
binuclear species. These species then interact further to produce species
of higher nuclearity (Sylva, 1972; Johnston and Lewis, 1986; Bottero
et al. 1994; Rose et al. 1997; Schwertmann et al. 1999). The latter fi-
nally precipitate as a more or less crystalline product, the nature of
which depends on the rate and conditions of the reaction. Examples of
hydrolysis and polymerization reactions are:

Fe** + H,0 —> FeOH*" + H*
2k +2H,0  — Fe(OH),Y +2 H'
FeOH*' + H,LO - FeOOH +2 H'

2 FeOH?" + H,0 — Fe,O; +4 H'

Precipitation times may range from seconds to years. The two principal
methods used to induce hydrolysis in the laboratory are, 1) heating the
solution and 2) addition of base. As hydrolysis releases protons, the pH
of the system falls during the early stages of hydrolysis. When hydrolysis
is induced by raising the temperature, the pH may fall to a low enough
value to inhibit further hydrolysis. This pH drop is important because in-
complete hydrolysis reduces the yield of product.

Hematite, akaganeite, goethite and ferrihydrite may be obtained by hy-
drolysis of Fe'™ solutions (Fig. 1-2). Which product forms is influenced
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by a variety of factors including rate of hydrolysis, solution pH, tempera-
ture, [Fe'"'], and the nature of the anions present in the system. Unless
the reaction conditions are carcfully controlled, mixtures, rather than a
single product, may result. Matijevic and his coworkers (Matijevic and
Scheiner, 1978; Ozaki ct al., 1984) have investigated this synthesis
method intensively and shown the various ways in which the reaction
product and also crystal morphology may be influenced by rcaction con-
ditions (Matijevic and Sapiesko, 2000).

The most important applications of the hydrolysis method are the pro-
duction of hematite and akaganéite, but goethite can also be synthesized
in this way. In the chloride system akaganeite may be a precursor of he-
matite (Hamada and Matijevic, 1981; Kandori et al,, 1998). The main
disadvantage of the method is a comparatively low yield of product due
to the very low pH of the system.

4.2.2 Transformation of Ferrihydrite

2-line ferrihydritc is the initial product resulting from fast hydrolysis
upon addition of alkali to a Fe"" salt solution. It is thermodynamically
unstable and with time, transforms into goethite, hematite or a mixture
of the two. Goethite and hematite form by different pathways hence con-
ditions which hinder hematite promote goethite and vice versa. Hematite
formation is promoted by factors that induce aggregation of ferrihydrite
(pH near the PZC of ferrihydrite, i.c. pH around 8; Schwertmann and
Murad, 1983) or dehydration (i.e. increased temperature). In contrast,
goethite formation is favoured by raising or lowering the pH away from
the PZC and by lower temperatures. Both processes appear to involve re-
constructive via-solution reactions because the atomic arrangements of
the two products are essentially different from that of ferrihydrite so that
the two end products must be completely reconstructed. For goethite the
reconstructive process takes place in the bulk solution, whereas forma-
tion of hematite must be preceded by aggregation of the ferrihydrite.
Feitknecht and Michaelis (1962) suggested that hematite formation in-
volves internal dehydration within the aggregate (single phase transfor-
mation) and is promoted by aggregation (Schwertmann and Fischer,
1966). The presence of an initial induction period during the transforma-
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tion indicates that a nucleation stage is involved (Fischer and Schwert-
mann, 1975); nucleation requires the presence of at least some water
within the aggregates. In fact, the water content in equilibrium with air
(ca. 10%) was found to be sufficient for slow hematite formation at RT
whereas ferrihydrite dehydrated to 5% water under vacuum was stable at
227°C (Schwertmann et al., 1999). By using 5'%0, it was recently
shown, that the oxygen of the hematite formed from ferrihydrite came
predominately from the water present during the transformation and not
from the ferrihydrite precursor (Bao and Koch, 1999).

4.2.3 Oxidative Hydrolysis of Fe'" Salts

This is a very versatile method capable of producing goethite, lepidocro-
cite, magnetite, ferrihydrite and feroxyhyte. Which product forms de-
pends on the reaction conditions. Careful control of pH, rate of oxida-
tion, suspension concentration, temperature, and concentration of foreign
species is needed to ensure that a pure product is obtained (Feitknecht,
1959; Schwertmann, 1959 b). In some cases an inert atmosphere of Nj
must be provided. Industrial pigments are usually produced by this
method (Buxbaum, 1993).

The reaction can be carried out over the pH range 6—14. Between pH
6—7 goethite and lepidocrocite result: a pure product of either can be ob-
tained by adjusting the rate of oxidation and the concentration of carbo-
nate in the system (Schwertmann, 1959 b; Carlson and Schwertmann,
1990). At pH >8 magnetite is obtained and at pH 14, pure goethite is
produced. With very rapid oxidation (e.g. by H,O,) feroxyhyte is ob-
tained.

The oxidation/hydrolysis reaction releases protons, so that as the trans-
formation proceeds and if no extra base is added, the pH drops to about
3 and the transformation rate falls to practically zero, thus leading to in-
complete oxidation:

4 Fe”" + 6 H,0 + O, — 4 FeOOH + 8 H'

In order, therefore, to obtain a higher yield of reasonably well crystalline
product, the pH must be held constant by continual addition of alkali to
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the system. This is most conveniently achieved by using an automatic
burette and a pH-stat titration technique. The reaction is complete when
no further addition of alkali is required. Alternatively, a buffer (NaHCO;
or imidazole) may be used, but this will contaminate the end product. A
feature of the oxidation/hydrolysis of Fe'' systems is that a crystalline
product can be obtained within a few hours at room temperature.

4.2.4 Phase Transformations

Although synthesis of iron oxides from green rusts or from ferrihydrite
involves phase transformations, the term is more commonly used to refer
to conversion of one crystalline iron oxide or oxide hydroxide into an-
other. Under suitable conditions, every iron oxide can be converted into
at least one other member of the group (Mackay, 1961). Where a topo-
tactic transformation* mechanism is involved, the product frequently re-
tains the crystal morphology of the starting material (pseudomorphosis).
This is the case, for example, for formation of maghemite by thermal de-
hydration of lepidocrocite (laths) or by oxidation of magnetite (cubes)
and also for the formation of hematite by low temperature (200 °C) ther-
mal dehydration of goethite.

4.2.5 The Gel-Sol Method

The gel-sol method involves aging a concentrated gel or iron polynuclear
species at 100 °C for some days (Sugimoto and Sakata, 1992). The yield
from this technique (in contrast to the forced hydrolysis method) is close
on 100% and because a concentrated suspension is used, the yield can
be considerable. This method has been applied mainly to haematite. It
can also be used to produce small, uniform rods of akaganeite (Paterson
and Tait, 1978 and Fig. 9.1b).

* Topotaxy: Accord between the initial and product structures in three dimensions
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4.2.6 Hydrothermal Precipitation

Hydrothermal precipitation involves a reaction in aqueous solutions at
high temperatures (> 100 °C) and pressures (1—-3 Kbar). The reaction is
carried out in an autoclave or a bomb. This method of crystal growth
utilizes the fact that many substances that are insoluble in water at
room temperature display appreciable solubility at high temperatures
and pressures. In an autoclave goethite, for example, can be converted
to hematite in alkaline media at high pressure at above 180°C. At
somewhat lower temperatures, multidomainic goethite recrystallizes to
form single domain crystals (Schwertmann et al., 1985). Hydrothermal
crystallization enables a product to be obtained in a far shorter time
than by most other methods; the crystals are, in addition, much larger
than usual - micron rather than submicron sized. Large hexagonal
plates of hematite have been grown hydrothermally (Krahtovil and Ma-
tijevic, 1988) as have large crystals of magnetite (Viswanathiah and
Krishnamurthy, 1980). Monodisperse micaceous iron oxide has been
prepared by oxidation of iron under hydrothermal conditions (Uchida
et al., 1993).

In the hydrometallurgical industry, Fe"" solutions are often produced as
waste products and hydrothermal methods are being investigated as a
possible route for their disposal by production of hematite of saleable
quality (Riveros and Dutrizac, 1997).

i

4.2.7 Decomposition of Metal Chelates

Decomposition of Fe''! chelates is a suitable technique for production of
fairly monodisperse products, often with unusual morphologies, because
it provides a constant and controlled supply of reactant. The reaction is
carried out at temperatures > 100 °C and pHs > 12. Oxidizing or reducing
agents can be added to the system to direct the formation of a particular
phase. Uniform, disk-like particles of hematite up to 15 um across were
produced by thermal decomposition of the Fe-tricthanolamine (TEA)
complex (H,O, present) as werc magnetite octahedra (hydrazine present)
(Sapieszko and Matijevic, 1980). A disadvantage of this method is that
the product may be contaminated by the ligand.
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Cautionary Remark

In using the procedures described in the following sections it must
be emphasized that small changes in reaction conditions i.e. pH,
OH/Fe, Fe concentration, etc. may prevent the desired product from
being obtained, hence absolute accuracy in following the prepara-
tive procedures is esscntial.
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5 Goethite

5.1 Introduction

In laboratory studies goethite is one of the most widely used iron oxides.
It serves as a model system for a great variety of investigations partly
because its surface chemistry, surface structure and crystal morphology
are well characterized and partly because it is the most widespread Fe
oxide in natural environments. For this reason, some attention is given to
production of goethites with different morphological characteristics.
Synthesis of metal substituted goethites is also described; partial replace-
ment of Fe in the structure by another metal ion can modify crystal prop-
erties such as morphology, size, crystallinity, solubility and color.

Goethite crystals are usually acicular and elongated along the crystallo-
graphic a direction (Figs. 5-1 and 5-2). (Note that the space group of
goethite has been changed from Pbnm to Pnma and the former a, b, and ¢
axes are now the c, a, and b axes (see also Tab. 1-3). Electron micrographs
of thin sections show that the acicular crystals are bounded by {101} faces
along the a-direction (Fig. 5-3), and terminate in {210} faces (Fig. 5-16).
Well-formed acicular crystals, such as those in the AFM (Atomic Force
Microscopy) picture of Fig. 5-5, also show (100) faces along the needle
axis. Twinning is quite common (Fig. 5-4, top right). Goethite crystals
often contain intergrowths or domains (Fig. 5-4, top left) which can accel-
erate dissolution of the crystals (Cornell et al. 1974).

Goethite may be synthesized from either Fe'™ or Fe”' systems. In the Fe
system goethite can form over a wide pH range. Methods of synthesis in
both acidic and alkaline media are provided in the following section. In
alkaline media, synthesis involves holding freshly prepared ferrihydrite
(obtained by neutralizing a Fe™salt solution with alkali) in KOH at pH
>12 for several days. This method was first described by Béhm in 1925.

1
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Fig. 5-1. Electron micrographs of Al-substituted acicular goethites illustrating
the decrease in crystal size with increasing degree of Al-substitution (given as
Al/(Al+Fe) mol/mol). The goethites were produced by aging 2-line Al-contain-
ing-ferrihydrites in 0.35—-0.4 M KOH for 14 days at 70 °C (Cornell and Schwert-
mann; 1996; with permission)..
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Fig. 5-2. Electron micrographs of pure and Al-substituted goethites grown in
strongly alkaline conditions at 70 °C (a, b) or 25°C (c, d). a: no substitution;
b: 7.9 mol% substitution; ¢: no substitution; d: 11.6 mol% substitution. Bar =
100 nm; (see also Schulze and Schwertmann, 1984).
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Fig. 5-3. High resolution electron micrograph of a thin section of acicular
goethite crystals cut perpendicular to the crystallographic b-direction (needle
axis). The lattice images (ca. 1 nm) seen in one crystal correspond to the a-di-
mension of the unit cell (0.9956 nm). The crystals are bounded by (101) faces.
(Schwertmann, 1984; with permission). (Courtesy H. Vali).
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Fig. 5-4. Crystal morphology of goethites. Cornell and Schwertmann, 1996;
with permission.

Top left: Polydomainic crystals produced in 0.7 M KOH at 25 °C.

Top right: Polydomainic star-like twin produced in 0.3 M KOH at 70 °C (Cour-
tesy P. Weidler).

Bottom left: Rafts consisting of short needles lying with their needle (b-) axis
either parallel (a) or perpendicular ( thombic cross section) (b) to the plane of
the paper. They were produced at RT from a partially neutralized Fe(NO;); solu-
tion at an initial pH of 1.7 (Courtesy S. Glasauer) (Method 5.2.2).

Bottom right: Subrounded crystals produced from 2-line ferrihydrite in the pre-
sence of cysteine (Method 5.2.3; for particle size distribution see Fig. 5-6).
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Fig. 5-5. Three-dimensional Atomic Force Micrograph of acicular gocthites with
(001) faces in the plane of the paper (courtesy P. Weidler).

Under alkaline conditions, ferrihydrite dissolves to release soluble Fe'!l

species (Fe(OH);) from which the less soluble goethite forms.

Under acidic conditions (pH 1-2) where the ferrihydrite precursor is
highly charged and, thus, well dispersed, the soluble growth units from
which goethite is most likely to be formed are mainly the monomer
Fe(OH)** and possibly the dimer Fe,(OH)3* (Sylva, 1972; Johnston and
Lewis, 1986; Cornell et al. 1989; Schwertmann et al. 1999). Precipita-
tion is much slower (weeks to months at RT; see 5.2.2) than under alka-
line conditions.

Both gocthite and hematite can form from ferrihydrite. Under alkaline
conditions, hematite formation is less likely the higher the pH and the
lower the temperature (Schwertmann and Murad, 1983; Cornell and Gio-
vanoli, 1985). At <70°C, a pH >12 is usually sufficient to avoid hema-
tite (Lewis and Schwertmann, 1980).
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The widely used method of Atkinson et al. (1968) is essentially a combi-
nation of the alkaline (B6hm) and the acidic (Merup) methods. It involves
pre-aging a Fe(NOs); solution with an OH/Fe ratio of 2 (pH ca. 1.5) at
room temperature, before making the system alkaline (pH ca. 12) and
holding it at 60 °C. Although it has not been investigated in detail, it is
probable that the 50 day pre-aging step leads to the formation of small,
acicular goethite crystals which increase in size during the subsequent
ageing at high pH and temperature. Thus, this first step is not essential,
because very similar crystals are obtained whether it is included or not.

Synthesis from Fe'! systems involves oxidative hydrolysis of Fe!' solu-
tions. The initial precipitate may be a so-called green rust (Bernal et al.,
1959; Taylor, 1980). As various Fe oxides (lepidocrocite, goethite, fer-
oxyhyte and magnetite) may be produced by this method, careful control
of factors such as the rate of oxidation, pH and the nature of the anion
present is necessary to ensure formation of pure goethite.

Production of goethites in the structure of which Fe has been partly re-
placed by trivalent Al, Mn, Cr or V (= M), follows, in principle, the
same method as that used for unsubstituted goethite, except that the Fe
solution is replaced by mixed Fe-M solutions. By varying the M/(M +
Fe) ratio different levels of substitution may be obtained. Crystallization
is often retarded by the presence of foreign cations, e.g. Co, Ni, Cu and
Zn (Giovanoli and Cornell, 1992) and Ni and Pb (Ford et al. 1999), so
transformation times are usually longer than for pure goethite. The re-
tarding effects of Ni and Pb (Ni>Pb) were the inverse of the surface sta-
bility constants of the two metals (Pb > Ni).

5.2 Pure Goethite from Fe'™' Systems

5.2.1 Preparation from an Alkaline System (acc. to Bohm, 1925)

Method
Solutions: A) 1 M Fe(NOj3); solution freshly prepared by dissolving un-
hydrolysed Fe(NOs); - 9 H,O in twice distilled water
B) 5 M KOH
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Pour 100 mL of solution A into a 2 L polyethylene flask, and add rapidly
and with stirring, 180 mL solution B. Red-brown 2-line ferrihydrite pre-
cipitates at once. Immediately dilute the suspension to 2 L with twice
distilled water and hold in a closed polyethylene flask at 70 °C for 60 hr.
The preparation must be carried out in polyethylene vessels because in
strongly alkaline media, some Si dissolves from glass vessels (see be-
low). During the heating stage, the voluminous, red-brown suspension of
ferrihydrite is converted to a compact, yellow brown precipitate of
goethite. Remove the reaction vessel from the oven, centrifuge, wash and
dry the precipitate.

Washing the product is essential to remove OH™ and NOj3: The presence
of the latter ion in solution is tested qualitatively with diphenylamine. In

the product it can be recognized by a sharp IR-peak at 1400 cm™".

Product Description

This method produces ca. 9 g goethite with a surface area of ca. 20 m?/
g. The crystals are acicular and consist of several domains along the
needle (a-)axis. An electron micrograph is shown in Fig. 5-2a, an X-ray
diffractogram in Fig. 5-6 and an IR spectrum in Fig. 5-7. The crystals
are bounded mainly by {101} faces (Fig. 5-3).

5.2.2 Preparation from an Acid System (acc. to Morup et al., 1983)

Method

Dissolve 283 g of Fe(NO3); -9 H,0 in 350 ml 2M HNO;, dilute with
distilled water to 1.4 L and add 1.4 L of 1 M NaOH (OH/Fe = 2.0) with
vigorous stirring. The pH is 1.7-1.8. A stable brown sol of ferrihydrite
forms from which yellow goethite starts to precipitate after 50 d (see be-
low). Centrifuge, wash free from electrolyte and freeze dry.

Product Description

The goethite consists of fairly monodisperse acicular crystals about 20—
25 nm long, 10—15 nm wide and 4—10 nm thick (Fig. 5-4; bottom, left).
The diamond-shaped cross section indicates that the crystals are again
essentially bounded by {101} faces. The surface area is ca. 130 m?%/g
and the magnetic hyperfine field at RT is 38—-39 T (for further properties
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Fig. 5-6. X-ray diffractograms of pure and Al-substituted goethites prepared in
0.3 M KOH at 70 or 25 °C. The vertical line at the 212 peak illustrates the peak
shift to higher angles as Al-for-Fe substitution increases.
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Fig. 5-7. Infra red spectra of purc and Al-substituted gocthites prepared at 25
and 70 °C. The vertical line illustrates the shift in the position of the OH bending
mode due to Al-for Fe substitution.

see Atkinson et al. 1968, 1977; Merup ct al., 1983; Glasauer et al.
1999). The significantly smaller crystal size and the correspondingly
higher surface area as compared to those of the goethites produced under
alkaline conditions (see 5.2.1) can be attributed to the higher nucleation
ratec under acidic conditions. As precipitation at room temperature is
slow, a yield of ca. 25% is obtained after 50 days (ca. 10 g) and 40%
after 660 days. First order precipitation kinetics are followed.

5.2.3 Preparation from a Cysteine/2-line Ferrihydrite System

Method

Dissolve 10 g Fe(NO3); - 9 H,0 in 650 ml twice distilled water ina 1 L
polyethylene flask, add rapidly and with stirring 70 mL M KOU, fol-
lowed by 50 mL of 0.045 M NaHCO; to buffer the ferrihydrite suspen-
sion at pH 8.5. Then add with stirring a freshly prepared solution of 3.5 g
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L-cysteine in 30 ml of water to give a cysteine/Fe ratio of 1. The red-
brown ferrihydrite rapidly darkens. Close the flask and hold at 70 °C for
60 hr after which a compact, black precipitate will have formed. Shake
the flask vigorously to disperse the precipitate, then aerate the suspen-
sion with air at a rate of 40 L/hr through a glass tube for 6 hr. During
oxidation the suspension cools to room temperature and the color
changes from black to yellow-brown. Although the yellow color develops
after one hr, the goethite at this stage is poorly crystalline. Wash and dry
the end product in the usual manner. During the ageing of the ferrihy-
drite-cysteine suspension, a head space of ca. 6 cm must be maintained.
However, oxidation of the system before the black phase has formed
must be avoided.

The cysteine/Fe ratio must not fall below 1 or reasonably uniform crys-
tals will not form. As cysteine is readily oxidized even in air, a fresh so-
lution must be prepared just before starting the preparation. Solid cy-
steine also tends to oxidize gradually once the container has been
opened, with the result that with time, the calculated cysteine: Fe ratio
may be slightly <1. Using NH,CI/NH; buffer instead of NaHCOj; in-
duces formation of acicular goethite crystals up to 150 nm long (similar
to those in 5.3.1).

Product Description

The method produces ca 2.25 g fairly uniform, subrounded crystals with
an average length of 30—40 nm (Fig. 5-4, bottom right), and a surface
area of ca. 30 m?/g. The frequency distribution of crystal lengths is
shown in Fig. 5-8. Chemical microanalysis showed <2% C, S, or N in
the product.

Comments

The black compound which is oxidized to goethite has large platy crys-
tals (surface area ca. 10 m*/g), shows two strong basal reflections at 1.04
and 0.504 nm, and has an Fe"/Fe'" ratio of ca. 0.8—1. Thus, it appears to
be a hitherto unknown layer compound akin to the well-known green
rust phases (see chap. 13).
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Fig. 5-8. Frequency distribution of lengths of goethite crystals produced by the
cysteine method (method 5.2.3) (Cornell et al. 1991. Reproduced by permission
of the Royal Society of Chemistry.).

5.3 Pure Goethite from an Fe' system

Method

Dissolve 9.9 g unoxidized crystals of FeCl, * 4H,0 or 13.9 g FeSO, *+ 7TH,O
in 1 L of distilled water through which N, has bubbled for 30 min be-
forehand in order to remove dissolved oxygen. The solution should be
held in a wide-mouthed, 2 L bottle. Add 110 ml of 1 M NaHCO; solu-
tion and replace the N, purge gas by air with a flow rate of 30--40 ml/
min. Stir continuously. Oxidation is complete within 48 hrs during which
time the color of the suspension changes from green-blue to ochreous.
The pH during oxidation is maintained at about 7 by the NaHCO; buffer.

Product description

The method produces ca. 5-6 g goethite of low crystallinity and a sur-
face area of about 80 m?®/g. The crystals resemble goethites from various
natural environments. An X-ray diffractogram is shown in Fig. 5-9, an
EM photo in Fig. 5-10 and a Mossbauer spectrum in Fig. 5-11. An X-ray
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Fig. 5-9. X-ray diffractograms of goethites with and without Al substitution pro-
duced from Fe''systems. Top: Poorly crystalline pure goethite synthesized at
room temperature by oxidation of FeCl, solution in the presence of carbonate at
pH 6-7. Middle: As before but with 31 mol% Al substitution. Bottom: Well
crystalline goethite with 30 mol% Al substitution synthesized by oxidation of a
FeCl, solution at room temperature and pH 11.6.
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Fig. 5-10. Electron micrographs of goethites with and without Al substitution
produced from Fe''systems. For explanation see Fig. 5-9.



5.3 Purc Goethite from an Fe"' system 81

100

90 1

100 4

98

TRANSMISSION (%)

96 1
100 ,

95 -

~10 5 0 5 10
VELOCITY (mm/s)

Fig. 5-11. Mdssbauer spectra obtained at 4.2 K of goethites with and without Al
substitution produced from Fe'systems. For explanation sec Fig. 5-9.
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photoelectron spectrum characterizing the binding energy of the surface
Fe and O atoms at the (100) face of this goethite was obtained by Rako-
van et al. (1999). The goethite contains some tenth of a per cent of car-
bon in the form of adsorbed carbonate as shown by two broad IR bands
at around 1300 and 1500 cm™ (Fig. 5-12). The carbonate appears to be
strongly adsorbed and is therefore difficult to remove, e. g. by washing.

The presence of carbonate suppresses the formation of lepidocrocite
(Schwertmann, 1959 b; Goodman and Lewis, 1981; Carlson and Schwert-
mann, 1990). For this purpose a mole ratio [HCOs])/[Fe] of 1.5-2 is re-
quired. The presence of lepidocrocite (arising from too low a level of car-
bonate) may be indicated by an orange tinge.

If the rate of oxidation is substantially higher than indicated above, some
lepidocrocite may form. Without thorough agitation of the whole suspen-
sion some (black) magnetite may form in regions of locally higher pH.
The crystallinity of goethite from Fe' sulfate is somewhat higher than
that from Fe chloride.

carbonate
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Fig 5-12. Infra red spectra of goethites with and without Al substitution pro-
duced from Fe''systems. For explanation see Fig. 5-9. The upper two goethites
contain some carbonate. The vertical line shows the shift in the positions of the
OH bending mode at 800 and 900 cm " due to Al-for-Fe substitution.
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5.4 General Comments

Although pure goethite can be easily obtained over a wide temperature
range (4--70°C) under strongly alkaline conditions, both crystal size
(ca. 0.01-1 um) and shape vary widely and this offers the possibility of
producing a range of different goethites for experimental purposes. The
common shape of goethite crystals is the needle (acicular). The length/
width ratio (aspect ratio) of the needles varies widely: the crystals can
range from long, thin needles to short, broad blocks. This is the result of
variations (due to changes in precipitation conditions) in the ratio of the
crystal growth rate along the needle axis to the rate in the other directions,
i.e. along the a direction vs. along the » and ¢ directions. Some experi-
mental results on this subject are summarized in the following section.

In 0.3 M [OH7] (as in the above recipe) the crystal size of goethite de-
creased as the temperature fell from 70 to 4 °C and the surface area in-
creased by an order of magnitude (13 —153 m?%g) (Schwertmann et al.
1985). At the same time the rate of formation slowed down. At any parti-
cular temperature, the crystals become smaller as the OH  concentration
increases. This is because with increasing [OH™], the supersaturation with
respect to goethite and, in turn, the rate of nucleation, increase. For exam-
ple, in 0.3 and 2M [OH], surface areas of 16 and 88 mz/g, respectively,
were obtained (Schulze and Schwertmann, 1984). Extremely thin and
long (>1 um) needles, either single or multidomainic, are obtained at pH
>13, whereas thin, but short needles (see above) formed at low pH
(Fig. 5-4) (Schwertmann, 1965; Atkinson et al. 1968; Merup et al. 1983;
Glasauer et al. 1999). Blocky twinned crystals occurred at pH 1112 (At-
kinson et al. 1968). The goethites produced by oxidation of Fe' at RT,
which is most likely to be the dominant route of formation in surface en-
vironments, are also acicular and polydomainic but less well developed
(Fig. 5-10). Highly multi-domainic crystals (Fig. 5-4) formed in the pH
range 13—13.5 (Cornell and Giovanoli, 1986). As the pH fell the domainic
character decreased and goethites grown at pH 11.5 were predominantly
single domain. Domainic character also increased as the temperature of
synthesis fell from 70 °C to 4 °C. The domains can be eliminated from the
low temperature goethites by healing the crystals in water in a pressure
vessel at 180 °C (Fig. 5-13) (Schwertmann et al., 1985).
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untreated J 180°C

Fig. 5-13. Polydomainic goethite crystals formed in 0.7 M KOH at 4°C (left)
transformed into monodomainic, smooth crystals after hydrothermal treatment at
180 °C (right) (Schwertmann et al., 1985; with permission).

Twinned crystals of different kinds have becn obtained under various
conditions (Cornell and Giovanoli, 1985). Twin pieces and dendritic
twins formed from concentrated suspensions over the pH range 11.5-12
at 70 °C and at higher pH were induced by high ionic strength or foreign,
adsorbed ions (e.g. Mn). Star-shaped twins (Fig. 5-4 top right) form in
very concentrated suspensions between pH 12-13. Twinned crystals are
always associated with acicular crystals.

Goethite is usually prepared in unstirred systems. Continuous stirring
during growth led to larger crystals than those obtained in unstirred sys-
tems (e.g. SA: 38 —» 8 m?%/g) and to improved crystallinity as seen from
a significant decrease in the unit cell edge length ¢ from 0.4618 to
0.4611 nm (Schwertmann and Stanjek, 1998). This deviation of ¢ from
the ideal value (0.4608 nm) was attributed to some extra structurai OH
duc to structural defects and/or Fe-vacant sites in poorly crystalline pro-
ducts. An even more perfect goethite (c-value of 0.4608 nm) has been
obtained by Aydrothermal synthesis (155°C; 2 M [OH]) (Thiel, 1963).

Silicate retards the conversion of ferrihydrite to goethite and small
amounts of Si are retained by the goethite (Atkinson et al., 1968; Cornell
et al.,, 1987). With high levels of silicate (Si/Fe = 0.1), larger crystals
with pseudohexagonal or bipyramidal shapes result (Cornell and Giova-
noli, 1987a; Glasauer et al. 1999). The larger size may be due to hin-
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dered nucleation (fewer crystals) and the modified shape due to prefer-
ential adsorption of silicate ions on the terminal faces of the crystals
thus retarding their growth and promoting their development.

Hematite is the phase most likely to contaminate goethite preparations
from Fe' systems. Mixtures of goethite and hematite may form outside
the range 0.1--4 M KOH (Fig. 5-14) and also at temperatures above
80°C, even at pH 12. The presence of hematite can be recognized by the
orange to red color of the product which depends on the proportion of he-
matite present. Epitaxial twins consisting of hematite centres with up to
six outgrowths of goethite (Fig. 5-15) are obtained when a proportion of
hematite forms as well as goethite; usually in the pH range 10.5-11.5.
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Fig. 5-14. Rclation between extent of hematite and goethite formation and the
hydroxyl and aluminate molarity at 70 °C (Lewis and Schwertmann, 1979; with
permission)
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Fig. 5-15. Electron micrograph replica of acicular goethite outgrowths on a he-
matite core. The crystals grew from ferrihydrite at pH 11.7 and 70 °C in the pre-
sence of 10 M maltose in 24 h. Bar = 100 nm. (see Cornell, 1985).

5.5 Metal (M)-Substituted Goethites Fe; ,M,OOH

5.5.1 Al-Substituted Goethite Fe, Al,OOH

5.5.1.1 Preparation from an Alkaline Fe'™

Solutions: A. 1L of 1 M Fe(NO5); solution.
B. 500 mL 0.5 M AI(NOs3); solution.
C. 2L of 5M KOH
D. Aluminate solution (0.3125 M) prepared by addition of
solution B to 300 mL of solution C with constant stirring.
The final solution should be clear. Solutions C and D must
be held in polyethylene flasks.

system

To produce a series of seven goethites (approximately 9 g each) with be-
tween zero and about 10—12 mol % Al substitution add 0, 10, 20, 30,
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50, 80 and 120 mL of soln. D to 2 L polypropylene bottles, followed by
180, 179, 178, 176, 174, 170 and 165 mL respectively of soln. C to the
bottles. Then guickly add 100 mL of freshly prepared soln. A to each
bottle and make up to 2 L with distilled water. The corresponding Al/
Fe+Al mole ratios in solution are 0; 0.03; 0.0588; 0.0857; 0.135; 0.20;
and 0.2728 mol/mol. Mix thoroughly and place in an oven at 70 °C for
about 14 days. Shake once a day. After crystallization is complete (as in-
dicated by a compact, yellowish-brown precipitate or a low Fe,/Fe; ratio)
centrifuge, wash twice with 400 mL M KOH to remove extra Al, adjust
to pH 7.5 with M HCI, wash with distilled water and dry.

Product description

The surface area of the goethites is between 20 and 30 m? g™' and in-
creases slightly with increasing Al substitution. Because of the high solu-
bility of Al hydroxides at high [OH™], the maximum Al substitution of
up to ca.16 mol% is below the maximum possible level of 33 mol%
even if the initial Al/(Al+Fe) in solution is much higher; various
Al(OH); phases (gibbsite, bayerite) will form as well. The crystals are
acicular. With increasing Al substitution the needles become shorter and
less multidomainic (Schulze and Schwertmann, 1987) (Fig. 5-1) and the
surface area increases. X-ray diffractograms (Fig. 5-6) show a shift of all
peaks towards lower d-values which can be used for quantifying the ex-
tent of unit cell diminution and, hence of Al-for-Fe substitution even in
mixtures of goethite with hematite. A corresponding shift seen in the IR-
absorption bands (Fig. 5-7) is again related to substitution. Due to the
diamagnetic character of Al, the magnetic hyperfine field decreases with
increasing Al-substitution (Schwertmann and Murad 1983).

Comments

The extent of Al substitution is primarily a function of the Al activity in
solution but other factors also play a role. For example, at 70 °C and an
initial Al/(Al+Fe) of 0.20 mol/mol in solution, substitution decreased
from 15 to 4 mol% as the [OH™] increased from 0.1 to 1 M. Tempera-
tures of between 25 and 90 °C had essentially no effect if the initial AV
(Al+Fe) was = 0.5 but at =<0.33, substitution decreased as the tempera-
ture rose from 25°C to 70°C (Lewis and Schwertmann, 1979; Cornell
and Schwertmann, 1996). Al in the system favored hematite over
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goethite formation. This effect increased with increasing temperature
and, at a given temperature (70 °C), and in the [OH] range of 10°—1 M,
1t decreased with increasing [OH™] (Fig. 5-14). At RT and in the pH
range 4-7, 2.5 mol% Al in the system was sufficient to suppress
goethite formation completely in favor of hematite even in liquid water
(water activity = 1) (Schwertmann et al. 2000). Thus, hematite formation
can be avoided either by lowering the temperature (causing crystalliza-
tion to proceed more slowly) or by increasing [OH ] (reducing Al substi-
tution). Stirring during synthesis increased Al substitution at any given
initial Al/(Al+Fe) and favored hematite formation slightly (Schwertmann
and Stanjek, 1998).

5.5.1.2 Preparation from an Fe'-Sytem

Because no more than ca. 16 mol% Al substitution can be obtained in an
alkaline Fe' system, a recipe with which ca. 30 mol% substitution can
be obtained by using Fe" as an Fe source is described below.

Method

Add 50 mL of freshly prepared M FeCl, solution and 25 mL of M AlCl;
solution to a 2 L polypropylene bottle, dilute to approximately 1 L and
adjust the pH to about 11.7 with M KOH. Mix thoroughly. Slowly oxi-
dize the suspension by opening the bottle daily and swirling the contents.
Oxidation is completed after approximately 2—3 months when a dense
yellow product has formed. Centrifuge and wash twice with 0.01 M
KOH to remove the excess of Al, then wash with water and dry.

Product Description

This method produces 5 g of reasonably well crystalline goethite with Al
substitution of ca. 30 mol%. The crystals are acicular/somatoidal in shape
in contrast to the acicular form of those produced under strongly alkaline
conditions from Fe'™ systems. The surface area is around 35 m%/g. An X-
ray diffractogram is shown in Fig. 5-9 bottom, an electron micrograph in
Fig. 5-10 bottom, an IR spectrum in Fig., 5-12 bottom and a Mdssbauer
spectrum in Fig. 5-11 bottom.
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Comments

A lower degree of Al substitution can be obtained by this method with a
lower initial Al/(Al+Fe) ratio. However, under these conditions, Al sub-
stituted magnetite is formed in addition to goethite (Schwertmann and
Murad, 1990). The goethite may be purified by extracting the magnetite
with M H,S0, at 80 °C.

High-Al goethites may also be produced from mixed FeCl,-AlCl; solu-
tions by the same method as that described for pure goethite. Such Al
goethites are, however, very pootly crystalline and have surface areas
which vary from 100 to 300 m%/g as Al substitution rises (Goodman and
Lewis, 1981; Murad and Schwertmann, 1983). An X-ray diffractogram,
electron micrograph, Mossbauver and IR spectrum are shown in Figs. 5-9
(middle), 5-10 (middie), 5-11 (middie) and Fig. 5-12 (middle), respec-
tively.

5.5.2 Cr-Substituted Goethite Fe,_ ,Cr,OOH

Metheod

Mix 600 ml of 0.5 M Cr(NO3)s solution with 360 ml of S M KOHina 2 L
plastic bottle. Add 90 ml of 1 M Fe(NO3); solution to 0; 9; 18; 27; 45;
72; 108; 135; 180; and 270 mL of the alkaline Cr solution and bring to
0.3 M KOH with 162; 161; 160; 159; 156; 153; 148; 145; 140; and 128
mL of S M KOH in a final volume of 1.8 L. Store the suspension in an
oven at 70 °C for 111 days and shake occasionally. Wash the product twice
with 0.1 M KOH and then with distilled water to remove the electrolytes
and dry. Remove X-ray amorphous Cr-hydroxides and adsorbed Cr by a 2
hr treatment with 2 M H,SO, at 80 °C (Schwertmann et al., 1989).

Product Description

The Fe,/Fe; ratio of the product increases from 0.002 to 0.057 as the Cr/
Cr+Fe in the system increases indicating nearly complete transformation
to goethite in all cases. The Cr-for-Fe substitution ranges from between 0
and 12 mol%, i.e. not all the Cr added to the system is incorporated into
goethite. The goethites becomes considerably darker as substitution in-
creases (see Plate VI). The size of the acicular crystals decreases with in-
creasing substitution and resistance to dissolution in 6 M HCI at RT in-
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creases. The pure Cr hydroxide (no Fe addition) obtained under these
conditions is amorphous.

5.5.3 Mn-Substituted Goethite Fe,_,Mn,O0H

Method

Add 175 mL of 2 M NaOH to 50 mL of mixed solutions of Fe(NQO3) - 9H,0
and Mn(NO;), * 4H,0 with a total (Fe + Mn) concentration of 0.53 M
and Mn/(Mn+Fe) ratios of up to 0.10 mol/mol. Centrifuge and store the
dark precipitates in polyethylene bottles in 250 mL 0.3 M NaOH at
60°C for 15-20 days. Centrifuge, wash and dry (Stiers and Schwert-
mann, 1985; Cornell and Giovanoli, 1987).

Product description

The product is essentially fully crystalline (Fe,/Fe;<0.01). Goethite is
the only phase at an initial Mn/(Mn+Fe) of 0—0.10 mol/mol and contains
up to 10 mol% Mn. Mn-substituted goethites are darker than unsubsti-
tuted goethites and have an olive tinge (see Plate VI). The Munsell color
notation goes from 10YR 7/8 to 2.5Y 3/2 as the substitution increases
from 0 to 12.5 mol% (see Fig. 3-7). Spot analytical electron microscopy
(AEM) showed that the Mn content in the core of single crystals was
higher than in the tip (Gasser et al. 1999). Whereas all three unit cell
edge lengths of Al- and Cr-substituted goethites decrease with increasing
substitution, for Mn-substituted goethite only b and ¢ decrease while a
increases. This result supports the assumption made on structural
grounds that although added as Mn**, the Mn was oxidized and incorpo-
rated into the structure as Mn™. Further evidence for trivalency of Mn in
the structure comes from X-ray absorption spectroscopy (EXAFS)
(Scheinost et al. et al. 1999). The presence of Mn in the system pro-
motes dendritic twinning of goethite particularly at Mn/(Mn + Fe) ratios
above 0.1 mol/mol.

Comments

At high enough Mn/(Mn+Fe) ratios, Mn phases may form in these sys-
tems. Cornell and Giovanoli (1987) reported that under alkaline condi-
tions, increasing amounts of the spinel, jacobsite, (MnFe,0,), formed if
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the initial Mn/(Mn+Fe) >0.1. Formation of jacobsite was also promoted
by increasing the suspension concentration. Since jacobsite is black,
large amounts of this compound give the product a black appearance. Ja-
cobsite and hausmannite were found at an initial Mn/(Mn+Fe) of >0.4 at
pH 4, 6, and 8 at 50°C after 40 days (Ebinger and Schulze, 1990) and
groutite, the MnOOH form isostructural with goethite, formed at pH 4
and 6 after storage of a mixed precipitate with an initial Mn/(Mn+Fe) of
0.50 at 55°C for 62 days (Ebinger and Schulze, 1989). At 70 °C, haus-
mannite and goethite formed at an initial Mn/(Mn+Fe) >0.2 at pH 8§ after
several weeks (Cornell and Giovanoli, 1990). A linear decrease in the
magnetic hyperfine field at RT from 38.3 to 34.8 T was reported for Mn-
substituted goethite when the Mn/(Mn+Fe) ratio increased from 0 to
0.09 mol/mol (Vempati et al. 1995).

5.5.4 V-Substituted Goethite Fe; ,V,OOH

Method

Add 0; 0.903; 2.306; 3.539; or 6.361 g of solid VCl; to 90 ml of 0.1 M
Fe(NOs); solution in a 2 L plastic bottle, precipitate V-containing ferri-
hydrite with 162.0; 165.4; 170.8; 175.6; and 186.2 ml resp. of 5 M
KOH while purging with N, to minimize oxidation of V** and make up
to 1800 ml with dist. water. Hold in an oven at 70 °C for 48 days with
occasional shaking. Wash free from electrolytes and freeze or air dry
(Schwertmann and Pfab, 1994).

Product Description

These goethites contain up to 6 mol % V. The V-goethites have a definite
greenish tinge up to 6 Y (see Plate IV and Fig. 3-7). The dominant wave
length moves from 578 to 548 nm as the V content increases. Acicular
crystals predominate, but large well developed twins were formed as
well (Fig. 5-16). Because the V™! cation has, within experimental error,
the same size as the Fe'" cation (64.0 vs. 64.5 pm), no change in unit
cell size was found nor can it be expected. The trivalency of structural V
is thus confirmed; further support comes from the absence of an ESP
signal for V™Vand from an equivalent amount of Fe** ions in an acid di-
gest of V-goethites.
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Fig. 5-16. Large goethite twin with well developed {101} side and {210} term-
inal faces produced from 2-line ferrihydrite in 0.3 M KOH at 70°C in the pre-

sence of 6 mol% V™. Bar = 1 pm. (Schwertmann and Pfab, 1994, with permis-
sion).



6 Lepidocrocite

6.1 Introduction

Lepidocrocite is conveniently synthesized by oxidizing a Fe*' containing
solution at a pH close to neutral. Maintaining the pH at this level during
the entire process is essential and, because protons are produced during
the oxidation/hydrolysis process:

4F?" + 0, + 6 H,O0 —> 4 FeOOH + 8 H'

buffers are normally used in the older recipes to keep the pH at the de-
sired level (c. g. Na,S,0; by Hahn and Hertrich, 1923; pyridine by Bau-
disch and Albrecht, 1932; hexamethylcne-tetramine by Glemser, 1938;
Brauer, 1954; Gehring and Hofmeister, 1994). The recipe described be-
low uses automatic pH control instead of a buffer and thereby avoids any
additional chemicals. The type of anion used is also important. Chloride
as an inert anion is preferred; carbonate directs the system towards
goethite (Carlson and Schwertmann, 1990) and any anion, such as phos-
phate, with a higher affinity for the Fe oxide surface may completely
block crystallization to lepidocrocite.

Lepidocrocite may also form by slow hydrolysis of an acidic Fe' salt
solution but the crystallinity is much lower than that of lepidocrocite
formed in an Fe"" sytem (Schwertmann et al. 2000).

111
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6.2 Preparation

Method

The experimental arrangement consists of a 600 mL glass beaker
equipped with a stirrer, a pH electrode, a gas inlet and a burette (contain-
ing 1 M NaOH) with the outlet just above the solution (Fig. 6-1). The
burette should be connected to a pH-stat unit through a magnetic valve.
The gas supply should be delivered through a porous frit located near
the bottom of the beaker close to the stirrer to ensure a uniform distribu-
tion of gas.

Add 300 mL distilled water to the beaker and dissolve 11.93 g of unoxi-
dized crystals of FeCl, - 4 H,O (60 mmoL Fe) with stirring. If the crys-
tals have an ochreous tinge, filter the solution to remove any precipitate
of akaganeite. Adjust the pH of the acidic solution to pH 6.7-6.9 with
NaOH. Open the air supply and adjust the flow rate to 100 mL/min. Dur-
ing oxidation, the color of the suspension changes from dark greenish
blue to grey and finally to orange. Protons produced during the oxida-
tion/hydrolysis reaction are constantly neutralized by NaOH added from

1\\ ?-’——‘7
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Fig. 6-1. Equipment for lepidocrocite synthesis: 1. Inlet for base addition,
2. Glass electrode; both 1 and 2 are connected to a pH stat instrument, 3. Reac-
tion beaker, 4. Magnetic stirrer, 5. Magnet, 6. Porous ceramic block for air entry,
7. Thermometer.
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the burette. After consumption of ca. 120 mL NaOH, oxidation is com-
plete and the pH remains constant without further addition of alkali. The
entire reaction takes 2—3 hr. Centrifuge, wash and dry the product.

Product description

This method yields approximately 6 g of reasonably well crystalline lepi-
docrocite as seen from the X-ray diffractogram and the electron micro-
graph (Fig. 6-2). The crystals are lath-like and elongated in the c¢-direc-
tion. The surface area is around 70-80 m*/g. An IR spectrum is shown
in Fig. 6-2, and a Mdssbauer spectrum, recorded at 50 K with and with-
out an external field, in Fig. 6-3.

Comments

Conirol of pH is crucial for obtaining a pure product. To avoid ferrihy-
drite, and also a longer oxidation period, the pH should not fall below 5.
To avoid magnetite/maghemite, the pH should not exceed 7.5—8. Higher
pH values may occur locally at the NaOH inlet if this dips into the sus-
pension and if stirring is not sufficient. Where magnetite forms, it can
be recognized by its black color and its adhesion to a magnet held
against the reaction vessel. Once formed, magnetite will not disappear
on further aeration of the suspension. Although carbonate in the system
favors the formation of goethite, the CO, content of the purge air may
be tolerated. Lowering the pH from 7 to 5 may lower the crystallinity of
lepidocrocite (Schwertmann and Thalmann, 1976).

Use of Fe(ClO,), (0.01 M) instead of FeCl,, as above, gives maghemite
(Krishnarmurthy and Huang, 1993). When hexamethylene tetramine
(urotropin) is used as a buffer, very thin laths contaminated with carbon
result. These laths often aggregate into large, spiky aggregates.

The synthesis of Al-substituted lepidocrocite needs special precautions
because Al may promote goethite in a Fe'' system. However, poorly crys-
talline lepidocrocites with up to 12 mol% Al in the structure have been
produced by oxidation of mixed FeCl,/AI(NOs); solutions with CO,-free
air at pH 8 in a NH;/NH,Cl-buffer (0.2 M NH; + 0.2 M NH4CI; 1:19)
with the pH being kept constant by adding M NHj; dropwise (Schwert-
mann and Wolska, 1990; Wolska et al. 1994). Note that Al can only be
incorporated into the lepidocrocite structure, if the pH of the system is
close to 8.
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Fig. 6-2. X-ray diffractogram (upper), infra red spectrum (middle) and electron

micrograph (lower) of Iepidocrocite.
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Fig. 6-3. Mossbauer spectra of lepidocrocite. Left, spectra recorded at 294 K
and 4.2 K. Right, spectra recorded at 50 K without and with an external field of
6 T. Left, Courtesy E. Murad. Right, Murad (1996) with permission.

6.3 Other Methods

Monodomainic lath-like crystals up to 0.5—1 um long were synthesized
by air oxidation (0.5 L/min) of a 0.2 M FeCl, solution in a NH;/NH4Cl-
buffer at 50 °C and pH 6 (see Fig. 3-11) (Giovanoli and Briitsch, 1974).
The pH was held constant by adding 0.1 M NH; from a burette. The
sample surface area was 15 m°/g.

Tabular lepidocrocite has been obtained by holding metallic iron parti-
cles in 0.25 M HNO; at 70 °C and aerating for 6 hr at 1.5 L/hr (Kiyama
et al. 1972).
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7 Feroxyhyte

7.1 Introduction

Feroxyhyte is a poorly ordered form of 8-FeOOH (and therefore called
&’-FeOOH) discovered and introduced as a mineral by Chukhrov et al. in
1977. 1t is structurally related to the ferrimagnetic 3-FeOOH described
by Glemser and Gwinner in 1939,

7.2 Method

Prepare a 0.1 M Fe solution from unoxidized crystals of FeCl, - 4 H,O.
Filter the solution to remove any ochreous precipitate. Place a 1 L glass
beaker on a magnetic stirrer and install a pH electrode. Pour 300 ml of
the FeCl, solution into the glass beaker. Raise the pH of the solution
from the initial ca. 3 to 8 by adding 5 M NaOH dropwise with constant
stirring. A green precipitate (green rust) will form. Rapidly pour in 40 ml
of H,O, (30%). The precipitate turns reddish brown within a few sec-
onds and the pH drops to 2—2.5 owing to release of protons (p. 62). The
reaction is violent and should be carried out in a fume hood for safety
reasons. To improve flocculation raise the pH back to 8 (close to the
zero point of charge) by adding 5 M NaOH dropwise with stirring. Cen-
trifuge, wash and dry.

Product description
This method yields about 2.5 g of feroxyhyte with broadened X-ray lines
(Fig. 7-1) whose widths follow the order 100, 110 < 101 < 102 indicating
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Fig. 7-1. X-ray diffraction pattern, IR spectrum and electron micrograph of fer-
oxyhyte.
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much better crystal growth in the a direction than in the c-direction.
This is also confirmed by the morphology of the crystals which form
thin plates (Fig. 7-1). The surface area is 200 m?%g. Figurc 7-1 also
shows the IR spectrum of the product. A detailed structural analysis was
carried out by Drits et al. (1993).

Comments

An initial pH of 7--8 before addition of H,0O, is probably the optimum
value for the production of reasonably well crystalline material. Lower-
ing the pH yields less crystalline feroxyhyte.

Very rapid oxidation is essential for formation of feroxyhyte. As the oxi-
dation rate is lowered, lepidocrocite and/or magnetite may form.

Koch et al. (1985) produced feroxyhyte in the same way as described
above, except that the 0.1 M FeCl; solution was produced by dissolving
Ferrum reductum (a mixture of iron metal and Fe;04) in HCL. They ob-
tained platy crystals 15--90 nm across and 23 nm thick with a surface
area of 110 m*/g and a magnetic hyperfine field at 5 K of 52.5 T. The
magnetic properties of this material are described in Bender-Koch et al.
(1995).

Well crystalline, ferrimagnetic 6-FeOOH can be produced by H,O, oxi-
dation of Fe(OH), at high pH (> 14) (Feitknecht, 1959).
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8 Ferrihydrite

8.1 Introduction

Ferrihydrite is generally the initial precipitate that results from rapid hy-
drolysis of Fe' solutions. Its crystallinity, i.e. crystal size and order, is
usually lower than that of any of the other Fe oxides described except
feroxyhyte and schwertmannite. It is usually named according to the
number of its XRD peaks, with 6-8 broad peaks for “well” crystalline
(6-line-) ferrihydrite and only two very broad ones for the most poorly
crystalline form (2-line-ferrihydrite). The 2-line ferrihydrite is commonly
but incorrectly called “hydrous ferric oxide (HFO)” or , “amorphous iron
oxide”. In natural environments all forms of ferrihydrite are widespread
usually as young Fe oxides and they play an important role as an active
sorbent due to their very high surface area.

The crystallinity of ferrihydrite is determined by the rate of hydrolysis
and/or the presence of interfering compounds. Rapid, forced hydrolysis
of Fe™ salt solutions under very acidic conditions at elevated tempera-
tures (e.g. 80 °C) for a short period of time leads to 6-line ferrihydrite
whereas rapid hydrolysis at RT and close to neutral pH produces 2-line
ferrihydrite (Chukhrov et al., 1973; Schwertmann and Fischer, 1973).
The 2-line material transforms to goethite and/or hematite if stored under
water even at ambient temperature and is therefore often used in the la-
boratory as the precursor of goethite and hematite. Even in the air-dry
state, transformation to hematite and goethite has been observed after
several years (Schwertmann et al. 1999). The transformation can be ef-
fectively retarded or even completely blocked by small amounts of sor-
bates such as silicate, phosphate, a range of organics and also by copre-
cipitated Al (Schwertmann and Fischer, 1973 ; Karim, 1984; Cornell et al.
1987; Schwertmann, 2000 a).
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A full range of ferrihydrites with between 2 and 6—8 XRD lines can be
obtained either by varying the rate of hydrolysis of Fe'" salt solutions at
RT or, alternatively, by oxidizing a Fe"" salt solution in the presence of
various concentrations of dissolved silicate. These methods will be de-
scribed in the following chapter.

Two-line ferrihydrite, for use as a catalyst, can also be synthesized by
thermal decomposition of iron penta carbonyl, Fe(CO)s, in a stream of
moist air at 500 °C (Kosowski, 1993; Zhao et al.1993). It is a free flow-
ing, reddish brown powder with a much lower bulk density than freeze-
dried ferrihydrite prepared as above, probably because of much weaker
aggregation. Small changes in the reaction conditions (water content of
the air, duration of heating) may induce hematite formation. An analo-
gous recipe involved slow thermal decomposition of trinuclear aceto-hy-
droxy Fe'nitrate for 20-40 hr in air in an attempt to simulate the red
pigment on the Martian surface (Morris et al. 1991).

In a Fe'" solution containing some Al, the latter coprecipitates at a lower
pH than expected for pure Al solutions. Taylor (1988) has called this “in-
duced hydrolysis” of Al. No significant XRD-peak shift indicative of
structural incorporation of Al was, however, discernable. This may be
due to the poor crystallinity of the Al containing ferrihydrite.

Two-line ferrihydrites (or related compounds) containing substantial
amounts of Si, C, As, and U have been found in surface environments
and some shift of the XRD peaks has been observed. This finding indi-
cates the ability of ferrihydrite to retain these elements and thereby to
exert a purifying effect on natural waters.

An extensive review on ferrihydrite has been puslished by Jambor and
Dutrizac (1998).

8.2 6-Line Ferrihydrite

Method

Preheat 2 L of distilled water to 75°C in an oven, withdraw the water
and add 20 g unhydrolysed crystals of Fe(NOs); - 9 H,O with rapid stir-
ring. Return to the oven and leave there for a further 10-12 minutes.
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During this time the solution changes from gold to dark reddish brown
indicating the formation of Fe hydroxy-polymers. No precipitate should
form. Cool rapidly by plunging into ice water, transfer to a dialysis bag
and dialyse for at least three days, changing the water several times each
day. Collect the product and freeze dry it.

Product Description

This method gives around 5 g ferrihydrite with a BET surface area of
200300 m?/g. The X-ray diffraction pattern usually shows six broadened
lines (Fig. 8-1) and with the electron microscope, subrounded particles of
2—6 nm in diameter are seen (Fig. 8-2). Af high magnification (HRTEM)
the crystalline nature of the product is obvious (Fig. 8-3) (Eggleton and
Fitzpatrick, 1988; Janney et al. 2000). The product may contain a trace of
nitrate (IR absorption band at 1380 cm™) even after prolonged dialysis
against water (Fig. 8-1). Mossbauer spectroscopy (Fig. 8-4) shows mag-
netic ordering at 4K but the spectrum has broad resonance lines and is
best fitted to a hyperfine field distribution (Fig. §8-4) (Murad and
Schwertmann, 1980; Murad et al., 1988).

Comments

The length of time of hydrolysis is critical; with longer hydrolysis times
goethite and hematite will form. It is -essential that the Fe''nitrate is
added to the preheated water because goethite may form during the heat-
ing phase, if the Fe(NOs); is dissolved in water at ambient temperature.

8.3 2-Line Ferrihydrite

Method

Dissolve 40 g Fe(NOs) - 9 H,0 in 500 mi distilled water and add 330 mL
M KOH to bring the pH to 7-8. The last 20 ml should be added drop-
wise with constant checking of the pH. Stir vigorously, centrifuge and
then dialyse rapidly until free from electrolytes. Freeze dry and store as
a solid.
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Fig. 8-1. X-ray diffractograms and IR spectra of a 6-line ferrihydrite (upper
curves) and a 2-line ferrihydrite (lower cuves).
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0.1um

Fig 8-2. Electron micrograph of a 6-line (a) and a 2-line (b) ferrihydrite.
(Cornell and Schwertmann, 1996; with permission.)

Product Description

This method gives 10 g 2-line ferrihydrite. X-ray diffraction shows two
very broad peaks at 0.24 and 0.15 nm (Fig. 8-1). The IR spectrum is al-
most featureless in the range above 1000 cm ™', With high resolution TEM
(HRTEM), clear evidence of some structural order, in agreement with
XRD, can be seen (Fig. 8-3). The existence of a continuous transition be-
tween 2-line and 6-line ferrihydrite (see 8.3) indicates the close relation-
ship between 2- and 6-line ferrihydrite and justifies the name ‘ferrihy-
drite’ for the 2-line product.
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Fig. 8-3. High-resolution electron micrograph of a 2-line (upper) and a 6-line
(lower) ferrihydrite. The micrographs show lattice fringes and possibly hexagonal
crystal shapes, both being better expressed in the 6-line than in the 2-line form
(Courtesy D.E. Janney), (Janney et al. 2000; with permission).

The BET-surface arca of freeze-dried products lies in the range of 200—
320 m?/g. Assuming spherical particles with a diameter of 3 nm and a
density of 4 g/em®, a surface area of ca. 600 m%/g results. The large dis-
crepancy between this value and the BET surface may be due to the
marked aggregation of the nano particles (Fig. 8-2), which makes part of
the surface inaccessible to the sorbate (N,). Freeze- or air-drying aggra-
vate this effect. Once ferrihydrite is aggregated by drying, it is very dif-
ficult to redisperse. Ferrihydrite may, however, be held as a stable sus-
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Fig. 8-4. Mdssbauer spectrum of 6-line ferrihyrdrite recorded at 4.2 K (upper)
and its hyperfine field distribution (lower). (Courtesy E. Murad)

pension after flocculation in an aqueous system if the surface charge of
the particles is increased, preferably by lowering the pH to ca. <4, i.c.
moving away from the PZC. On the other hand, as the pH is lowered and
the particles are dispersed, goethite precipitates from such suspensions,
although very slowly (Glasauer et al., 1999). Therefore, ferrihydrite must



110 8 Ferrihydrite

be used for adsorption, dissolution and similar studies, soon after pre-
paration.

Comments

To avoid local pH values >8, which may induce some goethite formation,
vigorous stirring is essential. Equally important is the rapid removal of
impurities by centrifugation/washing followed by dialysis for 2—3 days.
Raven et al.(1998) observed a trace of goethite after storing a ca. 10g/L
ferrihydrite suspension for >4 weeks in 0.1 molar NaCl solution at pH 7.5
even at 2°C. The degree of transformation of ferrihydrite to goethite/
hematite at pH 4, 5, 6, and 7 and 25 °C in an aqueous suspension (0.125 M
Fe) as indicated by the oxalate-soluble proportion was 66; 72; 77; and
83 %, respectively, after 1 year and followed lst-order kinetics (Schwert-
mann et al. 2000). Drying drastically retards the rate of transformation.

8.4 Ferrihydrites with a Range of Crystallinities
(acc. to D. G. Lewis)

Method
A set of ferrihydrites with a range of crystallinities and between 2- and
6+-X-ray diffraction peaks can be produced at RT either by varying the
rate of hydrolysis of a Fe(NO); solution or by oxidizing a FeCl, solution
containing different levels of soluble silicate.

The reaction vessel shown in Fig. 6-1 can be used to control pH, reagent
addition and gas flow. The titration is carried out at RT and with vigor-
ous stirring.

Rate-of-hydrolysis Series

Place 50 mL of a 0.1 M Fe(NO); solution (5 mmol Fe) into the reaction
vessel and automatically titrate it at a fixed rate of ImVmin with
15 mmol NaOH to a final pH of 7. To vary the rate of hydrolysis, the
NaOH concentration is varied between 7.7-10™* and 1 M in 8 steps
hence the time for total neutralization is between 0.25 and 130 h and the
corresponding rate of OH addition (hydrolysis rate) between 0.38 and
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200 pmol OH/mmol Fe/min. After complete hydrolysis (OH/Fe = 3), the
solids are obtained by centrifugation, washed with 70mL of distilled
water, dried at 40 °C and gently ground.

Silicate Series

Prepare a set of 0.3M NaOH solutions containing 6.6—73 mmol/L Si in
5—8 steps using a Na-silicate solution. Add 50 or 100 ml of a filtered
fresh 0.1 M FeCl, solution to the open reaction vessel (Fig. 6-1). Vigor-
ous stirring is sufficient to oxidize the FeCl, solution. Keep the pH con-
stant at 6.5 by adding the Si-containing NaOH solutions. The NaOH is
kept CO,-free with a trap consisting of a mixture of solid NaOH,
Ca(OH), and CaO. After complete oxidation (no further base consump-
tion), separate and wash the solids by centrifugation.

Product Description
The method gives ca. 0.5 g (1 g) ferrihydrite. Scaling up has not been
tried yet. Fig. 8-5 shows XRDs of the hydrolysis and the Si series. In the
hydrolysis series, goethite and/or lepidocrocite, i.e. the common FeOOH
forms, appear when the hydrolysis rate falls below ca. 17 pmol OH/min
and in the Si series as the Si concentration falls below 10 pmol/L. '
Whereas the hydrolysis products are chemically pure, those made in the
presence of Si contain between 10 and 75 mg Si/kg. The surface area ran-
ged from between 210-240 and 175-350 m*/g for the two series, respec-
tively. The hyperfine properties (Mossbauer spectra) vary greatly. De-
creasing crystallinity is coupled with decreasing magnetic hyperfine
fields at 4 K and with a decreasing magnetic blocking temperature (tem-
perature at which magnetic ordering sets in) (Schwertmann et al. 2000a).

Comments

The silicate has to be combined with the base (to neutralize the protons
during oxidation) in order to guarantee a continuous supply of Si while
the ferrihydrite is formed. This process simulates ferrihydrite formation
in many natural environments. If, however, Si is added at the beginning
of oxidation in one lot, the dissolved silicate is completely adsorbed
by the first ferrihydrite to form and well crystalline lepidocrocite will
form from the remaining Fe", because dissolved silicate is no longer
present.
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Fig. 8-5. X-ray diffractograms of ferrihydrites varying in crystallinity obtained
by hydrolysing a Fe(NOs); solution at different rates (left) and by oxidizing
FeCl, solutions with different silicate concentrations (right). Fh: ferrihydrite; Gt:
goethite; Lp: lepidocrocite.
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9.1 Introduction

Akaganéite is prepared by hydrolysis of a Fe™ chloride solution. The ha-

logen ion (together with H,O molecules) occupies the 0.5 x 0.5 nm? inter-
stices in the tunnels in the structure and appears to direct this structure
and to stabilize it. The chloride content of akaganeite varies between 1
and 7%. It can be reduced by thorough washing or dialysis, but it seems
impossible to extract all the chloride without collapse of the structure
and, depending on the temperature, transformation to goethite or hema-
tite.

Akaganeite cannot be prepared at pHs above 5 because the OH™ ion is
far more competitive than the chloride ion for structural sites. Akaga-
neite displays two morphologies: somatoids or cigar shaped crystals and
much smaller rod-like crystals. Samples of somatoids frequently contain
a proportion of twinned crystals, whereas the rod-like crystals are never
twinned.

9.2 Preparation by Hydrolysis of Acidic FeCl; Solutions
(Somatoids)

Method

Dissolve 54.06 g FeCl; - 6 H,O in 2 L twice distilled water (i.e. 0.1 M
solution). Hold in a 3 L closed polyethylene or glass flask at 40 °C for
8 days. During this period the bright, gold solution becomes a lighter
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yellow and a compact, yellow precipitate forms. The pH drops from 1.7
to around 1.2.

Product Description

The method gives 5 g akaganeite (27% yield). The crystals are well-
formed somatoids around 300 nm in length and elongated in the c-direc-
tion (Fig. 9-1). The sample has a surface area of around 30 m%*/g and
sharp XRD peaks (Fig. 9-2), indicating a well-crystallized material. An
IR spectrum is shown in Fig. 9-2. The Mdssbauer spectrum shows three
doublets at 293 K and three sextets in the magnetically ordered state at
78 K (Fig. 9-3).

Comments

The drop in pH during hydrolysis of Fe™ chloride solution upon heating
leads to incomplete precipitation of akaganeite: only 20-30% of the
total Fe in the system is precipitated over the range 40—70°C. A higher
yield may be obtained by increasing the temperature or by twofold dilu-
tion of the solution (50% yield). Dilution of the system does not affect
the crystallinity of the product, whereas increasing the temperature has
the disadvantage that it leads to poorly crystalline material most prob-
ably because of more rapid crystallization.

Hematite forms competitively with akaganeite at reaction temperatures
above 90 °C and goethite forms competitively if seed crystals of goethite
are added (Atkinson et al., 1977).

Akaganeite may transform into either goethite or hematite at high en-
ough temperature if left in the mother liquor long enough. However, at
70°C neither transformation nor any Ostwald* ripening was observed
after a 5 month period.

Akaganeite may also be precipitated from Fe™ fluoride solutions (Bernal
et al. 1959; Naono et al. 1993), but not from bromide or iodide solu-
tions; the latter ions are too large to fit into the tunnels in the structure.

111

* QOstwald ripening is the growth of large particles in a suspension at the expense of the
smaller ones which redissolve.
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Fig. 9-1. Electron micrographs of (a) somatoidal, (b) rod-like akaganéite, (c) Si-
akaganéite. Bar = 0.1 pm.
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Fig. 9-2. X-ray diffractogram and IR spectrum of somatoidal (upper) and rod-
like (lower) akagancite.
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Fig. 9-3. Mossbauer spectra of somatoidal akaganeite recorded at room tempera-
ture and at 78 K (see Murad, 1979).
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9.3 Preparation by Hydrolysis of a Partially Neutralized FeCl,
Solution (Rod-like Crystals)

Method

Dissolve 27.3 g FeCl; - 6H,0 in 100 mL twice distilled water (1 M solu-
tion) and add 75 mL 1 M NaOH solution for partial neutralization (OH/Fe
= 0.75). A temporary, brown precipitate forms, but redissolves on shaking
to give a clear, dark brown solution. Allow this solution to stand at room
temperature for 50 hours and then add 20 mL 10 M NaOH solution and
heat the resulting suspension at 70 °C in a closed polyethylene flask for
eight days. Wash and dry the brownish-yellow precipitate. Before washing
akaganeite by dialysis, the supernatant liquid must be removed by centrifu-
gation. Otherwise the Fe** remaining in the supernatant liquid will precipi-
tate as ferrihydrite owing to a rise in the pH of the system during dialysis.

Product Description

The method gives 6 g akaganéite (70% yield) with a surface area of
around 100 m*/g. The crystals are narrow rods up to 50 nm in length
(Fig. 9-1b). The XRD pattern shows broad peaks (Fig. 9-2) resulting
from the small size of the crystals. An IR spectrum is shown in Fig. 9-2.

9.4 Si-containing Akaganéite

Method

Dissolve 40.4 g Fe(NO3); -9 H,O in 1 L twice distlled water and add
sufficient Si solution (Titrisol, Merck: SiCl; with 1000 mg Si/L in 14%
NaOH) to give a Si/Fe ratio of 0.07. Hold the solution in a 1 L polyethy-
lene bottle in a 70°C oven for 24 hr. Wash the yellow precipitate and
dry at 50 °C.

Product Description
The method produces 2.25 g akaganéite with a surface area of 30—40 m*/g.
The crystals are approximately somatoidal and between 200—400 nm long.
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This material contains 2.3 mol% Si. Si is released congruently with Fe
upon dissolution and is, therefore, considered to be homogenously distribu-
ted within the akaganeite crystals, probably in the tunnels (Cornell, 1992).

Comments
The CI” ion which is necessary for the formation of akaganeite comes
from the Si solution. If less than 0.3 M CI is present, a mixture of aka-
ganeite and goethite forms. The Si content can be increased to 4.5 mol%
by using a Si/Fe ratio of 0.14. With higher ratios, the reaction is retarded
and the clear brown solution is stable for weeks. Twinning increases as
either Si/Fe increases or as the hydrolysis temperature is raised. Si-aka-
ganeite grown at 120°C (3 hr reaction) is 100% twinned (no hematite
forms in this period). Only a small proportion of Si is retained by the so-
lid phase; most remains in the supernatant solution. This may be because
the tetrahedrally coordinated Si, if located in the tunnel, must share O
atoms with the Fe(O,0H) octahedra and this is difficult to achieve for
the SiO, tetrahedron.

There was no effect of silicate (0.3—1 mol%) on the crystal size, prob-
ably because the silicate molecule is uncharged at low pH.

Increasing the phosphate concentration (up to 2 mol%) reduced the spin-
die length from ~ 500 nm to 100200 nm (Kandori et al. 1992).
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10 Hematite

10.1 Introduction

Hematite can be prepared by a variety of routes. The most convenient
and common ones are

(1) by thermal dehydration of a crystalline iron oxide hydroxide
(e.g. 2 FeOOH — Fe,0; + H,0) or an iron salt,

(2) by forced hydrolysis of acidic Fe™ solutions and

(3) by transformation of ferrihydrite in aqueous suspension.

Despite the simplicity of the method there are three reasons why thermal
dehydration recipes are not given here; (1) Hematite produced in this
way does not consist of idiomorphic* crystals: at temperatures of up to
ca. 500—-600 °C pseudomorphs of the precursor result and above 600 °C
coalesced crystals with ill-defined crystal faces are obtained and the sur-
face area is low, (2) In natural environments hematite rarely forms at
such high temperatures, and (3) natural hematites frequently consist of
single, more or less idiomorphic crystals.

Forced hydrolysis of Fe™ solutions involves hydrolysing Fe(NOs)s,
Fe(ClO,); or FeCl; solutions at a temperature close to 100 °C under
strongly acidic conditions (pH 1-2). 1t is believed that, if hematite is
prepared from Fe(NOs); or Fe(ClO,)s, it forms from Fe™ hydroxy spe-
cies (Johnston and Lewis, 1983, 1986), whereas, if hematite is prepared
from FeCl,, akaganeite may be an intermediate product which then trans-
forms to hematite via solution (Hamada and Matijevic, 1981).

* Tdiomorphic crystals are crystals whose crystal habit is determined by internal structure.
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In methods 1-3 of section 10.2, parameters such as type of anion, acid-
ity and [Fe] are varied to give monodispersed hematites with idiomorphic
crystals of different sizes and shapes.

Hematite production by transformation of ferrihydrite (methods 4 and 5)
starts with the precipitation of 2-line ferrihydrite which is then converted
into hematite in aqueous suspension by a short-range crystallization pro-
cess within the ferrihydrite aggregates.

This transformation takes place under weakly acid to weakly alkaline
conditions and requires the presence of some water within the ferrihy-
drite aggregates (see chapter 4) (Feitknecht and Michaelis, 1962;
Schwertmann.and Fischer, 1966, Schwertmann et al., 1999).

Although the solubility of ferrihydrite in this pH range is low some dis-
solution may occur leading to formation of goethite. Such preparations
therefore often contain some goethite admixed with the hematite parti-
cularly if the pH deviates substantially from neutral. To avoid goethite,
it is essential to conduct all operations at the transformation tempera-
ture (>80°C) or to raise the temperature to above 100°C in a pressure
vessel (see Other Methods). Goethite can also be avoided by including
certain inorganic e.g. Al (Schwertmann et al. 2000), phosphate (Galves
et al. 1999) or organic additives (e.g. oxalate (Fischer and Schwert-
mann, 1975)) which may, however, contaminate the hematite. Since the
pH of this system is much higher than that of the forced hydrolysis sys-
tem precipitation of Fe is essentially complete and the yield is close to
100%.

10.2 Preparation by Forced Hydrolysis of Fe'™ Salt Solutions

Method 1

Heat 2 L of 0.002 M HNOj in an Erlenmeyer or Duran flask to 98 °C in an
oven. Once this temperature has been reached, remove the reaction vessel
from the oven and add 16.16 g unhydrolysed crystals of Fe(NO3); - 9 H,O
(0.02 M Fe) with vigorous stirring. Close the flask, return the solution to
the centre of the oven immediately and hold for seven days at 98 °C. Cen-
trifuge the compact, bright red sediment, wash and dry it.
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Method 2

Heat 500 ml of a 0.2 M Fe(ClOy4); solution (51.64 g of Fe(ClOy);
9 H,0) (without addition of acid) at 98 °C for seven days and proceed
as in method 1.

Method 3

Heat 2 L of a 0.002 or 0.001 M HCI to 98°C, add 10.81 g fresh FeCl,
-6 Hy0 to give a 0.02 M Fe solution. Hold this solution in a closed ves-
sel at 98 °C for ten days.

Method 4

Add 400 ml of 2 1 M Fe(NOs3); solution with a burette over 4 hr to 5 L
of boiling distilled water and stir contimiously. Cool overnight, purify by
dialysis, centrifuge and dry.

Product Description

Method 1 produces ca. 3 g of hematite. The crystals are fairly uniform
in size (30—50 nm) and diamond shaped (Fig. 10-1a). The surface area
is around 30 m*/g. An X-ray diffractogram is shown in Fig. 10-2 and an
IR spectrum in Fig. 10-3.

Method 2 produces ca. 6 g of diamond shaped crystals 30—50 nm across
with a stepped surface (Fig. 10-1b). The surface area of 80-90 m?%/g is
fairly high, probably because of the surface irregularities.

Method 3 produces ca. 3 g of hematite. The sample prepared in 2 - 107° M
HCI consists of subrounded crystals between 30—50 nm across (Fig. 10-1¢c)
with a surface area of around 30 m%/g. In 10~ M HCI the crystal size is
around 150—200 nm (Fig. 10-1d) and the surface area is only a few m*/g.
The X-ray peaks of the 0.002 M HCI product are somewhat broader than
those of the material produced in 107> M HCI owing to the smaller crystal
size. The Mossbauer spectrum at RT (Fig. 10-4) shows a sextet correspond-
ing to a magnetic hyperfine field of 53.3 T.

Method 4 produces a fine, crystalline hematite with unidimensional crys-
tals of 7—10 nm across (Sorum, 1928).
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F‘%‘ 10-1. Electron micrographs of hematites produced by forced hydrolysis of
Fe™solutions (a—d) and by aging ferrihydrite (¢):

a: from Fe(NO3); (Method 1); b: from Fe(ClO3); (Method 2); ¢, d: from FeCl;
(Method 3), either in 0.002 M HCI (c), or in 1 M HCI (d); e: from 2-line ferrihy-
drite at pH 8-9 and 90 °C (Method 5).
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Fig. 10-2, X-ray diffractograms of hematites. From top to bottom: Hematite
with 15 mol% Al substitution grown from 2-line ferrihydrite at pH 7 and 80 °C
(The peak shift due to Al substitution is too small to be visible on this figure).
Hematite from forced hydrolysis of Fe(NOs); (Method 1). Hematite from 2-line
ferrihydrite in the presence of oxalate at pH 6.5 (Method 6); Hematite from
forced hydrolysis of FeCl; (Method 3).
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Fig. 10-3. IR spectra of hematites. From top to bottom: Hematite from forced
hydrolysis of Fe(NO3); (Method 1); Hematite from 2-line ferrihydrite in the pre-
sence of oxalate at pH 6.5 (Method 6); Hematite with 15 mol% Al substitution
grown from 2-line ferrihydrite at pH 7 and 80 °C.

10.3 Preparation by Transformation of 2-Line Ferrihydrite

Method 5

Dissolve 40 g Fe(NO3); -9 H,O in 500 mL twice distilled water pre-
heated to 90 °C and precipitate ferrihydrite with 300 mI. M KOH also
preheated to 90 °C. Add 50 mL 1 M NaHCO,, preheated to 90°C, to
the brown, voluminous precipitate of ferrihydrite and hold the suspension
(pH = 8-8.5) in a closed polyethylene flask at 90 °C for 48 hours.

Method 6
Dissolve 40 g Fe(NOz); -9 H,O in 500 mL twice distilled water, add
300 mL 1 M KOH, make up the volume to 1 I and add 180 mg of oxalic
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Fig. 10-4. Mdssbauer spectrum of hematite recorded at 293 K.

acid (i.e. 0.002 M oxalic acid). Adjust to pH 6.5 with HNO; or KOH
and heat at 90 °C for 36 hours (Fischer and Schwertmann, 1975). During
the transformation the pH falls. To prevent this, the system can be buf-
fered at pH 6.5 with 30 mL 4.4 M imidazole buffer. ‘

Product description

Method 5 gives around 7 g hematite with a surface area of ca. 20—25 m?/g.
The crystals are small platelets (Fig. 10-1¢). The sample has a sharp XRD
pattern.

Method 6 produces about 8 g of hematite which consists of grainy-look-
ing ellipsoidal (spindle-type) crystals (Fig. 10-5d) and has a surface area
of ca. 80—90 m?/g. Again, as seen from the X-ray pattern the sample is
reasonably pure and well crystallized (Fig. 10-2) but contains adsorbed
oxalate and a trace of goethite (see IR spectrum in Fig. 10-3).

Comments
The mean crystallite dimensions (MCD) along the a and ¢ directions of
the six hematites described above, have been determined by Crosa et al.
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Fig. 10-5. Electron micrographs of hematites produced from ferrihydrite in the
presence of various additives: a: in the presence of 0.05 mol% Al at 25°C and
pH 7; b: in the presence of 0.15 mol% Al at 25°C at pH 4 (Schwertmann et al.
2000; with permission); c: in the presence of 0.0025 M citrate at pH 11 and
80 °C (Schwertmann et al. 1968; with permission); d: in the presence of 0.02 M
oxalate at pH 6 and 70°C (Method 6) (Fischer and Schwertmann, 1975; with
permission); e: in the presence of Cu at pH 12.2 and 70 °C (Cornell and Giova-
noli, 1993; with permission).
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(1999) from XRD line broadening (see Section 3.3). The surface areas
calculated from these MCD values correspond quite well to the measured
ones. Most of the hematites produced in aqueous systems contain some
OH and/or H,O in the structure (so were called “hydrohematite” by
Wolska, 1981) combined with Fe-vacant sites in the structure. Structural
OH increases with decreasing synthesis temperature. It can be recognised
by a slight increase in the unit cell size and the intensity ratios of the
XRD peaks. This effect becomes evident upon, for example, comparing
the intensity (I) of XRD peaks which depend on Fe occupancy (e.g. 012;
104; 110; 024) with that of the 113 peak which depends only on the oxy-
gen atoms. For example, for pure hematite the [;,¢/1;;3 ratio is ca. 4.0
and for Fe; 330, s(OH)g s it dropped to ca. 3.3. Heating removes struc-
tural OH/H,O (Schwertmann et al. 1999). If hematite is prepared from
FeCl; small amounts of Cl may be retained at the surface or within the
polydomainic crystals. Kandori et al. (1993) found 0.3 mol% Cl could
not be removed by washing; it lowered the point of zero charge from
~pH 8 to ~pH 3.

As mentioned before, the yield of hematite from forced hydrolysis de-
creases as the degree of hydrolysis increases, i.e. the pH decreases dur-
ing the formation process. Bao and Koch (1999) showed that the yield
increased from ca. 10 to 60% in 0.1-0.2 M FeCl; solutions as the tem-
perature increased from 35 to 140 °C, and, at a given temperature, it was
higher in 0.02 M than in 0.2 M solutions, e.g. 90 vs. 60% at 140 °C.

Because of the similar thermodynamic stability of goethite and hematite,
formation of hematite competes with nucleation of goethite which pro-
ceeds via dissolution of the ferrihydrite precursor. The lower the tem-
perature, the more likely it is that goethite will form. Goethite nucleation
can therefore be inhibited by preheating the oven and also all solutions
before they are combined. The presence of chloride should be avoided
because it promotes the formation of akaganeite (f-FeOOH). However,
chloride concentrations below 0.02 M can be tolerated at temperatures of
around 100 °C.



130 10 Hematite

10.4 Monodisperse Hematites of Different Crystal Shapes

Hematites with a particular crystal shape (plates, needles, spindles, pseu-
docubes, peanuts) and a narrow size distribution (monodisperse) can be
obtained by adding various chemicals (shape controllers) to the system.
The mechanism behind the control of shape is most likely to be the ad-
sorption of impurities on certain crystal faces thereby reducing their
growth rate in favor of that of the other faces. Internally these crystals
may be either mono- or polydomainic, depending on the type and con-
centration of the additive. Tt must be kept in mind that higher additive
concentrations may lead to product contamination. Some examples are
summarized in the following section.

Needle-shaped hematite, i.e. crystals with preferential development
along the crystallographic c-axis, formed atter 2—-3d aging of 2-line fer-
rihydrite (5 mmol Fe in 150 mL solution) at 80 °C in the presence of ci-
trate: 107 M at pH 10 or 107> M at pH 12 (Fig. 10-5¢) (Schwertmann
et al. 1968), or maltose (Cornell, 1985).

The conditions for the formation of pseudocubes, plates, spindles and
peanuts, produced mainly by Sugimoto and coworkers are summarized in
Tab. 10-1.

Tab. 10-1. Experimental conditions for the production of monodispersed hema-
tites with various crystal shapes

Crystal shape FeClz-solution NaOH Aging Reference
conc. amount conc. amount Temp. Duration
™ mL) ™ (mLy (°C)

Spheres 0.018 10 0.001% 10 100 24hbr Matijevic and Scheiner
(1978)

Pseudocubes Q.1 100 54 100 100 8 days Sugimoto et al. (1998)

Plates 2.0 40 8 40 180 2hr Sugimoto et al. (1996)

Spindles 0.02 1000 0.0003* 1000 100 2 days Muramatsu et al. (1994)

Peanuts 2.0 100 6.0%* 90 100 8 days Sugimoto et al. (1993)

$ HCI instead of NaOH; * NaH,POQ, instead of NaOH; ** plus 10 ml of 0.6 M Na,SO,

Fig. 10-6 shows that the pseudocubic and platy hematites produced ac-
cording to the data given in Table 10~1 are monodispersed. With the oti-
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Fig. 10-6. SEM photo of monodispersed platy (upper; Sugimoto et al., 1996;
with permission) and pseudocubic (lower; Sugimoto and Sakata, 1992; with per-
mission) hematite produced according to Tab. 10-1 (Courtesy T. Sugimoto).
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ginal method, (the condensed Fe'™ hydroxide gel method), the resulting

pseudocubes were polydomainic. Monodomainic crystals were obtained
by reducing the CI concentration to 0.1 M as in Tab. 10-1. The peanut-
shaped crystals were polydomainic, whereas spindle-shaped crystals can
be either mono- or polydomainic. Polydomainic spindles were produced by
aging (1) a ferrihydrite suspension (11.2 g Fe/L) in the presence of 0.02 M
oxalate at pH 6 for 165 hr at 70°C (Fischer and Schwertmann, 1975)
(Fig. 10-5d); (2) an Al-ferrihydrite suspension (Al/Al+Fe=0.15 mol/mol)
at pH 5 and 25 °C forl8 yr (Schwertmann et al. 2000) and (3) a mixed
FeCl3-Na,SO, solution (Sugimoto et al., 1998); a mixed 0.02 M FeCls-
0.0003 M NaH,PO, solution at 100°C for 48 hr gave monodomainic
spindles (Osaki et al. 1984; Muramatsu et al 1994). Domain character is
reflected in the sample surface area: it was about ten times higher for
the polydomainic than for the monodomainic sample (140 vs. 13 m?/g).
Other additives investigated were surfactants (Kandori et al.,, 1995),
amines (Kandori et al. 1996), dioxane (Kandori et al., 1998) and di-
methylformamide (Kandori et al. 1998a). Surfactants had essentially no
effect on particle shape; cubes and diamond-like crystals were formed in
the presence of amides and dioxine and diamond-shaped ones when di-
methylformamide was added.

10.5 Other Methods

A number of other methods are listed in the following section. The full
details are not provided. Instead, the reader is referred to the appropiate
reference.

Decomposition of Metal Chelates. The basic procedure involves aging a
solution of Fe™ salt in alkaline media (pH 12) in the presence of trietha-
nolamine (TEA) at 250°C for 1 hour (Sapiesko and Matijevic, 1980).

Hydrothermal transformation of various Fe oxides. Ferrihydrite (2-line),
lepidocrocite, akaganeite and goethite (if poorly crystalline) can be con-
verted to large (1-3 um) hexagonal plates of hematite if kept under
water in a teflon bomb at 180 °C for 10 days.
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Purple hematite. Hematite crystals several um in size have a purple
color. Such crystals can be produced by holding ferrihydrite under very
strongly alkaline condition (5 M NaOH) at 70 °C for 8 days. The crystals
are idiomorphic. Some goethite is usually associated with the hematite.

10.6 Al-Substituted Hematite

Method
Combine the following volumes (mL) of freshly prepared 0.1 M Fe
(NO3); and 0.1 M AI(NQOs); solutions in a 500 mL polypropylene bottle:

Fe: 200 198 196 194 190 184 180 176 170 164 160
Al: 0 2 4 6 10 16 20 24 30 36 40

Add sufficient NaOH to each bottle to bring the pH to 7 (complete preci-
pitation), wash the precipitate three times with distilled water, make up to
300 mL total volume with distilled water and adjust again to pH 7 with
HNO; or NaOH. Store in an oven at 80 °C for 65 days. After crystalliza-
tion, cenirifuge the product, wash with distilled water (or dialyse) and dry.

Product Description

The crystallinity of the Al hematite changes with the level of Al in the
structure; a maximum is often obtained at low to medium substitution
(5—10 mol%). This corresponds to a minimum in XRD peak broadening
and a maximum in y-ray absorption (Schwertmann et al., 1979; DeGrave
et al., 1982; Murad and Schwertmann, 1986). Both X-ray diffraction
peaks (Fig. 10-2) and IR absorption bands (Fig. 10-3) show a shift due
to Al-for-Fe substitution. The surface area of the hematites is around 40
to 50 m*/g.

Comments

This hematite has no more than about 1/6 of its Fe replaced by Al. Higher
values can be obtained by heating Al goethite to a temperature which is
high enough to just dehydrate the goethite to hematite (<500 °C). At even
higher temperatures, part of this Al is, however, gjected and forms AL, Os.
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With low levels of Al in the system (<5 mol%) the sample contains
some goethite whereas at higher Al/(Al+Fe), Al suppresses goethite com-
pletely, even at RT (Schwertmann et al. 2000). Goethite can also be
avoided by making the system 5 - 10~ molar in oxalate at 70 °C. How-
ever, the sample will then be contaminated with some oxalate and will
need a H,0, treatment to remove it. Another method of lowering the
proportion of goethite is to precipitate the mixed solution at 80 °C.

Al-substituted hematites were also produced from Al-containing 2-line
ferrihydrite at room temperature and pH 4—7, although at a much lower
rate (months to years) (Schwertmann et al. 2000). For the same initial Al/
{Al+Fe) ratios the substitution is lower than at higher temperatures. Elec-
tron micrographs show rhombic crystals at low substitution (Fig. 10-5a),
identical to unsubstituted ones, and framboidal or spindle-shaped crystals
with a grainy or layered interior at higher substitution (Fig. 10-5b). The
latter diffracted X-rays as single crystals,

A 9% Cu-substituted hematite (Fig. 10-5e) can be obtained by heating a
Fe/Cu coprecipitate (Cu/(Cu+ Fe) =0.1) at pH 12° and 90 °C for 60 hr
(Cornell and Giovanoli, 1988). The crystals are rhombohedral and the
sample surface area ca. 5 m*/g.

Up to 3 mol% phosphate has been incorporated into hematites; the crys-
tals were spindle-shaped (Galves et al., 1999).

10.7 Coated Hematite

A method of coating monodispersed, spindle-shaped hematite with a uni-
form layer of SiO, is described by Ohmori and Matijevic (1992). Tetra-
ethyl orthosilicate is hydrolyzed in the presence of hematite at 40 °C for
between 0.5 and 18 hr to produce SiO, layers of different thickness
around the hematite crystals.

Hematite can also be coated with yttrium oxide (Aiken and Matijevic,
1987), Al oxide (Kratovil and Matijevic, 1987), Cr hydroxide (Garg and
Matijevic, 1988), zirconium oxide (Garg and Matijevic, 1988a, and Mn
oxide (Iul Haq and Matijevic, 1997).



11 Magnetite

11.1 Introduction

"y 111

Magpnetite, FeHFe2 04 contains Fe as well as Fe' in its structure. It is,
therefore, not thermodynamically stable at atmospheric O, pressure. For
sufficiently large crystals, such as those of magnetites in rocks, the rate of
oxidation by the atmosphere is, however, slow enough so that no protection
against oxidation is needed. Synthetic, low temperature magnetite crystals
are, on the other hand, often very small (< 100nm) and may, if not protected
against atmospheric oxygen, oxidise either during synthesis or thereafter.

There are two basic ways to produce magnetite only the first of which is
described here in detail:

(1) by partial oxidation of a Fe!' salt solution with KNO; under alkaline
conditions at 90 °C (David and Welch, 1956; Sidhu et al., 1977), and

(2) by precipitation of a mixed Fe"/Fe™ solution with a Fe'/Fe'™ ratio of
0.5 (Welo and Baudisch, 1925) or of 10 (Taylor et al. 1987).

11.2 Preparation by Oxidation of a Fe"' Solution

Method

Dissolve 80 g FeSO4 -7 HyO in 560 mL deionized water (previously
flushed with N,) in a 1 L glass beaker. The reaction vessel should be
closed with an air tight plastic lid containing several holes for inlets and
a thermometer (Fig. 11-1). Place the beaker in a water bath (e.g. ina3 L
beaker filled with water at a temperature of 90 °C) and insert the thermo-
meter for temperature control and a gas inlet for purge N,. The reaction
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Fig. 11-1. Equipment for magnetite synthesis. 1 Drop funnel, 2 Thermometer,
3 Water bath, 4 Magnet, 5 Stirring and heating instrument, 6 Support for reac-
tion vessel, 7 External beaker used as water bath, 8 Reaction vessel, 9 Plastic lid
with inlet holes, 10 Purge gas inlet.

should be carried out under N,. Once the reaction temperature is
reached, add 240 mL of an oxygen-free solution containing 6.46 g
KNO; and 44.9 g KOH dropwise over approximately 5 min (e. g. through
a burette or a drop-funnel). After addition of this solution heat for an-
other 30—60 min, cool overnight and wash the black precipitate. No pro-
tection against air oxidation is needed once the reaction is terminated.

Product description

The composition of the resulting magnetite is close to stoichiometric as
indicated by chemical analysis (Fe, ggFeq0,04), Mossbauer spectroscopy
(Fep.03Fe0.9704), and umit cell edge length (0.83997(3) nm). The crystals
form cubes, bounded by {111} faces and vary in size between 0.05-
0.2 um (Fig. 11-2); the surface area is 4 m?/g. The XRD lines are sharp
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Fig. 11-2. Llectron micrograph of magnetite. Bar = 100 nm.
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Fig. 11-3. X-ray diffractograms of (from top to bottom) pure magnetitc; Al-sub-
stituted magnetite with 7 mol% Al; maghemite produced by heating pure magne-

titc at 250 °C. Notc the peak shift relative to pure magnctite duc to Al substitu-
tion (middle) and to oxidation to maghemite (bottom).

and essentially only instrumentally broadened (Fig. 11-3). Fig. 11-4 shows
the Mossbauer spectrum at 298 K.

Comments

FeCl, (instead of FeSO,) also yields magnetite. Oxidation at RT instead of
at 90 °C gave smaller crystals (ca. 50 nm) which chemical analysis, unit
cell size and magnetic hyperfine propertics showed to be partially
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Fig. 11-4. Mossbauer spectra recorded at 298 K of (from top to bottom): mag-
hetite; Al-substituted magnetite with 7 mol% Al; maghemite produced by heat-
Ing pure magnetite at 250 "C.
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oxidized (Fe'"/(Fe"+Fe'™)=0.2-0.3) immediately after formation
(Schwertmann and Murad, 1990); oxidation continued during storage in
an air-dricd state. After 99 months the above ratio had dropped to (.146
(Murad and Schwertmann, 1993).

The method of Baudisch and Welo (1925) in which a mixed solution of
Fe'' and Fe" with a Fe'Y/Fe" ratio of 2 is reacted at pH 9—10 at RT leads
to a poorly crystalline magnetite which is partly oxidized unless air is
rigorously excluded. The process probably involves reaction of the Fe®'
ions with the 2-line ferrihydrite which precipitates as the pH is brought
to pH 9 (Taylor ct al. 1987).

Another method of producing magnetitc is by reducing hematitc in a
stream of H, at between 250 and 600 °C.

11.3 Cation-Substituted Magnetites

Magnetite with ca. 7 mol% Al substitution can be produced in the same
way as described for purc magnctite except that the initial solution con-
tains 10 mol% Al (as Al,(SO,)3). The resulting magnetite has the formula
Feg ggler gsAlg 20 0000404 and a reduced cubic unit edge length of
0.8382 nm. The X-ray diffractogram and Mdssbauer spectrum are shown
in Fig. 11-3 and Fig. 11-4, respectively. The surface area was ca. 20 m%/g.
A range of Al- substituted magnetites synthesized at RT are described in
Schwertmann and Murad (1990). The unit cell size a (nm) of these par-
tially oxidized, Al-substituted magnetites (0—14 mol% Al) was related to
the level of structural Fe" and Al according to a = 0.83455 +0.00693
Fe''-0.00789 Al. Al-substituted magnetites were also produced at RT by
adding NH,4OH (to pH 12) to mixed Fe"'-Fe™ chloride solutions in which
part of the Fe'"' chloride solution was replaced by AICl; (Golden et al.
1994). At Al/(Fe+Al) 0.20 mol/mol, magnetite was the only solid phase
whereas above this ratio, goethite and gibbsite also formed.

Magnetites with ca. 10% Ni and 17% Zn in the structure have been pro-
duced by Sidhu ct al. (1981).
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12.1 Introduction

Maghemite can be considered a fully oxidized magnetite. In spite of the
increase in positive charge upon oxidation of Fe'! in magpetite, the cubic
structure is preserved. This is achieved through the ejection of 11% of
the Fe from the structure thereby creating vacancies (1): Fe;04 —
Fe; 6700.3304. Where the vacancies are ordered additional XRD peaks
occur and the structure can be indexed tetragonally (Fig. 11-3). Upon
oxidation, the color changes from black to red-brown. A complete series
of transitions exists between magnetite and maghemite.

Maghemite can be produced by heating either lepidocrocite or synthetic
magnetite, by oxidation of a mixed Fe'-Fe' solution at RT or by heating
ferrihydrite (or other Fe oxides) in the presence of an organic substance.

12.2 Preparation

Method 1
Heat synthetic lepidocrocite (chap. 6) or synthetic magnetite (chap. 11)
in a crucible in a furnace for 2 hr at 250 °C.

Method 2

A mixed 0.064 M FeCls-FeCl, solution with a Fe"' /Fe"™ of 9 is oxidized
in a closed vessel at 20 °C and at a constant pH of 7 using an air flow
rate of 10 ml/min (Taylor and Schwertmann, 1974) (For equipment see
lepidocrocite synthesis).
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Method 3
Mix 1 g of freeze- or air-dried ferrihydrite with 0.3 g ground sugar and
heat in a covered crucible at 400 °C for 1h.

Product Description

The maghemite obtained by heating lepidocrocite is poorly crystalline
and has a cubic unit cell edge length of 0.8345 nm; there are no super-
structure lines (Schwertmann and Fechter, 1984). The maghemite crys-
tals are acicular like those of the precursor and microporous. The surface
area of the product is greater than that of the precursor. Heating of mag-
netite leads to maghemite with extra X-ray lines (Fig. 11-3), which are
sharper the greater the crystallinity of the parent magnetite. Such maghe-
mite has the same morphology and surface area as the magnetite precur-
sor. The Mossbauer spectrum is shown in Fig. 11-4. The maghemites
produced by method 2 are usually not pure but contain a few per cent of
Fe" (“magnetitic maghemite™).

Maghemites derived from ferrihydrite and other OH-containing Fe oxides
contain OH and, correspondingly, Fe vacancies in the structure (Stanjek
et al. 1999). The maghemite produced by method 3 may contain residual
carbon which may be removed by H,0, treatment.

Comments

The heating temperature in method 1 is critical because higher tempera-
tures cause the maghemite to transform to hematite. Crystalline lepido-
crocite requires a longer heating time whereas lower temperatures
(180—-200°C) are sufficient for poorly crystalline, synthetic lepidocro-
cites. The product obtained by method 2 is very sensitive to experimen-
tal conditions. Increasing the rate of oxidation leads to the formation of
lepidocrocite and higher Fe/Fe'! ratios produce ferrihydrite. In con-
trast, higher temperatures (e.g. 60°C) favor maghemite (Taylor and
Schwertmann, 1974).

Monodispersed spindle-type maghemite can be produced by first trans-
forming spindle-type hematite (see chap. 10) into magnetite (by heating
the hematite in a H, gas stream at 340—400 °C for 1-3 h) and then oxi-
dizing the magnetite to maghemite with air at 240 °C for 1-2 h (Ozaki
and Matijevic, 1985).
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13.1 Introduction

Green Rusts are Fe'™™ hydroxy salts with a layer structure in which hex-
agonally closed-packed, brucite-type Fe(OH), layers carry a positive
charge due to some Fe'. The charge is balanced by interlayer anions,
such as chloride, sulfate and carbonate, but other anions (Br-, I, ClOg,
NO3) may also be intercalated (Lewis, 1997). Green rusts are synthe-
sized by slow oxidation of a Fe™' solution at a pH of around 7 (Taylor et
al., 1985; Schwertmann and Fechter, 1994; Lewis, 1996), by interacting
Fe*" ions with ferrihydrite under near-neutral conditions (Bruun-Hansen
et al. 1994) or by oxidation of freshly precipitated Fe(OH), at a pH at
which the solution is supersaturated with respect to Fe(OH), (Feitknecht
and Keller, 1950; Genin et al. 1998). Green rust often appears as an in-
termediate product during the formation of FeOOH from Fe'' systems.

Green Rusts are very sensitive to oxidation which complicates their
synthesis and stabilization. Thermodynamic data for sulfate green rust
are given in Bruun Hansen et al. (1994) and E;-pH diagrams as well as
thermodynamic data for chloride, sulfate and carbonate green rusts in
Genin et al. (1998). Green rusts in which part of the Fe'™ is substituted
by Al were produced by Taylor and McKenzie (1980) and one in which
part of the Fe™ is replaced by Ni", by Refait and Genin (1997).

13.2 Preparation

Place 370 mL of 0.1 M FeCl, or FeSO, solution, freshly prepared from
FeCl, - 4 H,O or FeSO, + 7 H,0, and purged with N, (or Ar; Bruun-Han-
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sen et al., 1994) in a closed reaction vessel equipped with a magnetic
stirrer, a gas and base inlet and a pH electrode connected to an automatic
titrator and a pH meter. Titrate to pH 7.0 (higher pH values may lead to
magnetite formation). Then replace the nitrogen gas by CO,-free air at a
rate of ca. 7ml/min and keep the pH constant by adding 1 M NaOH.
After ca. 40 min a dense green precipitate forms; this must be collected
by freeze-drying under a O, free atmosphere.

Lewis (1996) suggests the following freeze-drying procedure: transfer
the product rapidly into a polyethylene centrifuge tube, flush with nitro-
gen, close with a cap and centrifuge for 1-2 min at 1000 rpm. Decant
the clear liquid, add a small volume of liquid nitrogen to freeze the sedi-
ment and seal with a rubber stopper fitted with a stopcock ready for at-
tachment to a port of a freeze drier. After freeze-drying, the dried powder
could be kept sealed in the tube under vacuum. For X-ray diffraction and
Méossbauer spectroscopy, moist samples, 1.e. straight after centrifugation,
may also be used, if a vacuum cell at the X-ray instrument is available.

Fig. 13-1 shows a Mdossbauer spectrum of the carbonate form of green
rust with two separate doublets fitted to both the Fe"' and Fe'" doublet.
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Fig. 13-1. Mdssbauer spectrum of carbonate green rust recorded at 120 K and
fitted to two Fe'' and two Fe"! doublets. Courtesy E. Murad (see Murad and Tay-
lor, 1984).
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Product description

The green rusts form large platy hexagonal crystals. An X-ray diffracto-
gram of sulfate green rust is shown in Fig. 13-2; the very sharp lines
show the product is highly crystalline. Figure 13-2 also documents the
gradual oxidation of sulfatc green rust at pH 7.5 over ca. 4 hr to lepido-
crocite and some gocthite.
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Fig. 13-2. X-ray diffractograms (CoKa-radiation) of sulfate green rust (GR) and
the stages in its oxidation by air to lepidocrocite (L) and goethite (G). a: 0%;
b: 15%; ¢: 75% and d: 100% oxidation. Points marked ‘s’ indicate a change in
scale for X-ray intensity. Bar represents 1000 cps (Lewis, 1997; with permission).
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14 Schwertmannite

14.1 Introduction

Surface waters draining pyritic rocks, mines and mine spoils are usually
very acid (pH <3) and rich in dissolved iron and sulfate. As the pH in-
creases to 3—4 due to admixture with uncontaminated water or to buffer-
ing with soil and rock material, an ochreous precipitate is often formed
following oxidation of Fe** by the bacterium Thiobacillus ferrooxidans.
A compound hitherto unknown was identified recently in these precipi-
tates (Bigham et al. 1990). It is a Fe'"' oxyhydroxy sulfate with a some-
what variable composition and an ideal formula of FegOg(OH).(SOu)y,
where 8—x =2y and 1.0 <y < 1.75. It has been recognized by the Inter-
national Mineralogical Association as the mineral schwertmannite (Big-
ham et al. 1994). The structure is similar to that of akaganéite. Schwert-
mannite differs from akaganéite in its poor crystal development in the
crystallographic [110] direction and its X-ray pattern, therefore, lacks
the strongest (110) line of akaganéite. Furthermore, sulfate instead of
chloride is incorporated in the tunnels where the anion is believed to
share some oxygen atoms with the Fe(O,0H) octahedra.

This compound can be synthesized in a simple inorganic manner from a
sulfate- containing Fe'" solution (see below). If an acid FeSO, solution is
used, oxidation can only be carried out in a controlled bioreactor using
the bacterium Thiobacillus ferooxidans (Plate VIII; Bigham et al., 1990).
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14.2 Preparation

Method

Preheat 2 L of distilled water to 60°C in an oven, quickly add 10.8 g
FeCl; - 6 H,0 and 3 g of Na,SO4 (1000 mg SO,/L) and heat for a further
12 min at 60 °C. After cooling at room temperature, dialyse the suspen-
sion for a period of 30 days and finally freeze-dry the solid.

Product description

The method produces ca. 2 g of a light ochreous powder which has an
XRD pattern with ca. 8 broadened lines (Fig. 14-1) and a surface area of
ca. 250 m?/g. The SEM photo shows hedge-hog type crystals (Fig. 14-1)
and TEM indicates that the spicules are only a few nm across (Fig. 14-2).
The IR-spectrum shows intense bands of SO;~. The Mdssbauer spectra
taken at various temperatures (Fig. 14-3) show the gradual development
of a sextet, i.e. magnetic ordering at between 60 and 4.2 K.

Comments

Schwertmannite is stable with respect to ferrihydrite in acid, sulfate-rich
waters but metastable with respect to goethite. In water, schwertmannite
transforms to goethite by a hydrolytic dissolution reaction:

F6308(0H)6(SO4) +2 Hzo —> 8 FeOOH + HzSO4

As seen from this equation the pH drops and counteracts the transforma-
tion. If the pH is raised towards neutral, as in neutralization ponds, ferri-
hydrite will form. In an air-dry state schwertmannite can be stored un-
changed for years.

A complete series between schwertmannite in the pure sulfate system
and akaganeite in the pure chloride system has been synthesized from
Fe"-solutions with various C1 7SO ratios (Bigham et al. 1990). An ion
activity product (IAP) for the solubility of schwertmannite, log IAP =
18.0 £ 2.5, was calculated from the chemical composition of a number of
mine drainage solutions by Bigham et al. (1996).

An analogous compound with an akaganéite structure but with nitrate in
the tunnels was prepared as follows (Schwertmann et al. 1996): Add
20.2 g of Fe(NO3); - 9 H,0 (0.025 M) to 2 L of water preheated to 75 °C
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Fig. 14-1. X-ray diffractogram, IR spectrum, and a scanning clectron micro-
graph of schwertmannite (Bigham et al,, 1990; with permission). Bar = 1 um.
(TEM — Courtesy J. M. Bigham)
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Fig. 14-2. Transmission electron micrograph of schwertmannite (upper: Bigham
et al. 1990; with permission). Bar = 100 nm. (Lower: Courtesy H.-Ch. Bart-
scherer, Munich)
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Fig. 14-3. Médssbauer spectra of schwertmannite recorded at 297 K (upper left);
4.2 K (lower left) and in the temperature range between 80 and 50 K (right) to
demonstrate the gradual magnetic ordering that occurs with decreasing tempera-
ture (Bigham et al. 1990; with permission).

and keep at this temperature for 12 min. Shock-freeze the red sol and
freeze-dry. The dry product shows five, broad X-ray peaks between 0.255
and 0.147 nm which correspond to the peaks of schwertmannite, The ni-
trate content varies between 17.5 and 18.6 weight% corresponding to a
tentative formula of FeO(OH); _»(NO3), with 0.2 < x < 0.3. In water the
compound hydrolyses to 6-line ferrihydrite and the nitrate is released.

Further candidates for the tunnel position in the schwertmannite struc-
ture is selenate. It seems that the oxyanions of hexavalent elements
(S, Se, Cr) can be accomodated in the akaganeite structure whereas those
of pentavalent ones (P, As) may only adsorb on the surface (Waychunas
et al. 1995).
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Fig. 14-4. X-ray diffractograms from products prepared by hydrolysis of 0.02 M
FeCl; in the presence of 0, 125, 250, 500, and 1000 pg/ml SO32 . A continuous
serics between akagancite at zero SOF and schwertmannite at 1000 ug/ml SO3 is
formed. Gt indicates a trace of gocthite (Bigham ct al. 1990; with permission).



15 Coating of SiO, Sand (Quartz; Cristobalite)
with Iron Oxides

15.1 Introduction

Coating of SiO, sand with well defined iron oxides involves a heteroge-
neous reaction in which the SiO, sand is mixed with an aqueous suspen-
sion of the iron oxide. The coating reaction can be carried out in the la-
boratory with different iron oxides (goethite, hematite, lepidocrocite, fer-
rihydrite and maghemite) using different SiO, phases (cristobalite and
quartz).

In view of the frequent ocurrences of iron oxide coated mineral and rock
particles in nature (Schwertmann and Friedl, 1998), sand coated with well
defined iron oxides provides a useful model system for studying adsorp-
tion and dissolution reactions with the iron oxide in a mechanically stable
form. In such a system the overall reactivity of the coated material is
strongly dominated by the reactivity of the iron oxides. One interesting ap-
plication of this material is as a model column matrix for transport stu-
dies. For example, cristobalite sand coated with goethite as described be-
low, has been used as a column matrix to study reactive transport beha-
viour of protons (Scheidegger et al., 1994; Biirgisser et al., 1994), fluoride
(Meeussen et al., 1996), sulfate (Meeussen et al., 1999), phosphate (Geel-
hoed et al., 1997), and uranyl ions (Gabriel et al., 1998). Ferrihydrite
coated quartz sand has been used in a similar study for investigation of
the redox dynamics of organic pollutants in a column subjected to a fluc-
tuating water table (Sinke et al., 1998). Ferrihydrite coated cristobalite
sand has been used in a study of the bio-transformation of organic com-
pounds attached to cells in a percolation column operated at various flow
rates and biomass contents (Tros et al., 1998). Finally, the coating proce-
dure has been applied to mount iron oxide particles firmly on quartz for
atomic force microscopy (AFM) examination (Weidler et al., 1996).
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15.2 Preparation

Method (Scheidegger et al. 1993)

Mix 100 mg of iron oxide with 10 ml NaNO; solution (ionic strength:
0.001—1 M) in a 50 ml polyethylene tube and adjust to the desired pH
(see below) with dilute HNO;. To obtain a homogeneous suspension
shake the mixture at 25 °C for 24 h. Then add 2.5 g of sand and shake
the mixture for another 24 h. When the sand has settled, measure the pH
and resuspend the supernatant several times in a NaNOs solution with an
ionic strength and pH equal to that of the reaction medium. Finally, wash
the coated sand free from any unattached iron oxide first with the salt
solution and then with pure water using a nylon sieve (63 um). Owing to
the poor dispersibility of the iron oxides near the point of zero charge
(PZC), samples with a pH of between pH 5 and 9 should, in addition, be
washed with 1 M NaNOjs solution of pH 3 (adjusted with HNOs). This
procedure allows the coated sand with strongly bound iron oxide parti-
cles to be separated from weakly attached iron oxide aggregates. Dry the
coated sand in air or in an oven at 110 °C (not for ferrihydrite) for 24 h.
The amount of bound goethite can be determined by dissolving the sam-
ple completely in a strong acid and measuring the [Fe].

Product Description

Figure 15-1 shows scanning electron microscope images of goethite- and
hematite-coated cristobalite sand produced following the above method
using a pH of 2.5. The goethite coated sample contains 14.4 mg/g sand
and the surface area increased from 0.08 to 0.38 m?/g. Experiments with
cristobalite sand showed that once the sand is coated with goethite, the
iron oxide particles adhere very strongly to the SiO, surface. Neither
common dispersing agents (such as calgon) nor strong acids and bases
(1 M HNO3, 10 M NaOH) could detach the particles. Of course, any
agent able to dissolve chemically either the pure goethite or the pure
sand will also attack the coated sand (e.g. concentrated HCI, or an aque-
ous solution of Na,S,0,). Ultrasonic treatment of coated sand was the
only procedure which led to partial detachment of the goethite particles.
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- “ - e ) » " 1
Fig. 15-1. Scanning electron micrographs of goethite- (upper) and hematite-
coated (lower) cristobalite produced at pH 2.5. The amounts of iron oxide at-
tached are 14.4 (goethite) and ca. 1 mg (hematite) per g cristobalite sand. (Cour-
tesy A. Scheidegger). (From Scheidegger et al., 1993; with permission.)
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Comments

Detailed investigations into the coating of cristobalite with gocthite de-
monstrated that the extent of the coating increascs with increasing pH up
to the PZC of goethite (ca. pH 8) and deccreases abruptly at pH values
above the PZC (Scheidegger et al., 1993). This behavior can be ex-
plained using a simple electrostatic model, based on the assumption that
the charge of the adsorbed goethite particles neutralizes the charge of
the SiO, surface. Although the coating is maximal at the PZC, the distri-
bution of the Fe oxide crystals over the surface is less homogenous at
this pH. Lower pH values arc, therefore, recommended. The extent of
coating also shows a marked dependence on ionic strength, iron oxide to
sand ratio and temperature. A maximum was obscrved near an ionic
strength of 0.01 M. Higher gocthite to cristobalite ratios in the reaction
mixture and an increasc in temperature resulted in higher coating densi-
ties. The highest coating density (14.4. mg gocthite/g cristobalite sand)
was achieved by suspending 0.3 g/ml goethite in dilute HINO; (pH 2.5).
The very dense suspension was shaken for 24 h and 1.8 g cristobalite
sand/ml suspension was added. The mixture was then enclosed in a high
pressure vessel and put into an oven at 120 °C for 24 h, frequently taken
out of the oven and shaken, slowly cooled down and washed.

Coatings with 2-line ferrihydrite (approx. 6 mg/g cristobalite), hematite
(approx. 1 mg/g cristobalite), lepidocrocite (approx. 0.5 mg/g cristobalite)
and maghemite (approx. 3 mg/g cristobalite) werc obtained at pH 2.5. For
these oxides the pH-dependence of the coating reaction seems comparable
to that for goethite on cristobalite. Goethite coated quartz sand has been
obtained at pH 7 with a coating density of approx. 3.5 mg goethite per g
quartz sand. This coating density is comparable to that obtained for the
goethite cristobalite system under the same reaction conditions. The coat-
ing of a synthetic, porous siran carrier material (sodium orthosilicate)
with goethite (approx. 4 mg/g siran carrier, reaction medium pH 2.5)
shows that the coating phenomenon is not limited to cristobalite and
quartz sand aione.



16 An Experimental Lecture for Students on the
Formation of Iron Oxides

16.1 Introduction

Eight different iron oxides have been identified in the weathering envir-
onment to date. They are: goethite and hematite (common), lepidocro-
cite, maghemite, ferrihydrite and magnetite (moderately widespread) and
akaganeite .and feroxyhyte (rare). These minerals often occur in close as-
sociation. Since they have similar or even identical composition, a log-
ical question is — under what conditions do the different oxides form?

The pathways by which the different Fe oxides form are complex and
not yet fully understood. Hence, the teaching of how Fe oxides form can
be a challenge. The use of visual aids can help illustrate and clarify the
topic and fortunately, the Fe oxides lend themselves well to this ap-
proach. In the first place, the different forms can be recognized and
identified by their striking colors (yellow, brown, red and black) and sec-
ondly, as shown in previous chapters, they are easily and rapidly synthe-
sized in the laboratory.

By varying the conditions of synthesis much can be learned about the
experimental parameters which govern iron oxide formation during
weathering and soil formation (pedogenesis) (Schwertmann, 1985;
1988 a; Fitzpatrick, 1988; Schwertmann and Taylor, 1989).

This chapter consists of a 45 minute lecture/demonstration of iron oxide
formatijon in vitro and in situ. Several simple bench syntheses of iron
oxides are carried out and explained. The lecture may be concluded with
a short video which illustrates iron oxide occurrence in a real landscape.



158 16 An Experimental Lecture for Students

16.2 Demonstration: Synthesis of Fe Oxides

In this section, five important Fe oxides, namely goethite, hematite, lepi-
docrocite, magnetite and ferrihydrite are produced simultaneously within
2530 min using simple apparatus, namely: 1 L beakers, pH electrode,
pH meter, gas inlet, air or oxygen supply, dropping funnel, gas washing
bottle, hot plate with magnetic stirrer and various chemicals.

Throughout each experiment, the solution/suspension must be stirred
constantly, preferably using an overhead stirrer. The experimental equip-
ment must be installed beforehand and the solution for hematite syn-
thesis already heated to close to 90 °C. The syntheses must be started im-
mediately and while the oxides form, the pathways of formation are dis-
cussed.

The first three oxides are prepared by oxidation of Fe'' solutions under
slightly different conditions of pH, Fe concentration and rate of oxida-
tion. All preparations are carried out in a 1 L beaker.

Goethite: Dissolve 3 g FeCl, - 4 H,0 in 300 mL distilled water, then add
33 ml NaHCOs; solution. A grayish-green precipitate forms. After ca.
25 minutes, air oxidation is complete and the precipitate turns yellowish.

Magnetite: Dissolve 12 g FeCl, - 4 H,0O with vigorous stirring in 300 mL
distilled water, then add 115 mL. M NaOH in one lot. A blueish precipitate
forms and after 25 min atmospheric oxidation, this material turns black
and sticks to a magnet.

Lepidocrocite: Dissolve 12 g FeCl, - 4H,0 with vigorous stirring in
300 mL distilled water. The beaker should be equipped with a glass
electrode connected to a pH meter, a gas inlet connecting an air or oxy-
gen cylinder and a dropping funnel (outlet above the solution level)
containing 125 mL M NaOH. Adjust the pH of the system to 6.5-6.8
by adding NaOH dropwise, then open the gas cylinder and aerate the
suspension (ca. 0.1-2 L/min; the rate may be controlled by using a gas
washing bottle). The initial greenish black precipitate becomes orange
after 20 min. Throughout the reaction, the pH of the suspension must
be maintained at 6.5-6.8 by adding NaOH from the dropping funnel as
needed.
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Hematite: Bring 300 mL distilled water in a 1 L beaker to 90 °C. The
beaker stands on a magnetic hot plate. When the required temperature is
reached, add 31 g Fe(ClOy4)s - 9 H,O and maintain the temperature while
stitring. The solution gradually becomes wine red and after 30 min. a
red precipitate is visible.

Hematite can also be prepared from 2-line ferrihydrite. This demonstra-
tion should be started the previous day. The suspension of ferrihydrite
must be refluxed at 90—100 °C for 30 hr after which there is a color
change from the dark reddish brown of the ferrihydrite to the deep blood
red of the hematite.

Ferrihydrite (2-line) : Dissolve 40 g Fe(NO3); - 9 H,O (or the appropriate
amount of any other Fe'! salt) in 500 mL distilled water, then add, with
stirring, ca. 330 mL M KOH to bring the pH to 7—8. Ferrihydrite imme-
diately forms as a voluminous, dark, reddish brown precipitate which set-
tles rapidly.

The more crystalline, 6-line ferrihydrite cannot be synthesized during
the lecture because it needs a long period for dialysis (see Chap. 8.2).

16.3 Lecture: Processes by which Fe oxides form

Once the syntheses are underway, the lecture can be presented. The
graphs for this section as well as the list of oxides in the introduction
should be available for presentation as slides or overheads. It is worth
using colors for the different Fe oxides and these should be mnemonic
and of course, the same on all graphs, namely, black for magnetite, red
for hematite, brown for ferrihydrite, yellow for goethite and orange for
lepidocrocite (Schwertmann, 1993).

The primary process by which Fe oxides form in nature involves oxida-
tive, hydrolytic release of Fe! mostly from primary Fe' silicates
(Fig. 16-1). In the pH range of a normal weathering environment and un-
der aerobic conditions, the Fe™ oxides are very stable and persist over
long time spans. In an anaerobic environment, however, Fe'' oxides may
be reductively dissolved by micro-organisms through enzymatic transfer
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Fig. 16-1. Basic processes of Fe oxide formation in nature. (Schwertmann et al.,
1995; with permission)

of electrons from the decomposing biomass (this process is termed iron
respiration);

4 Fe"O0OH + CH,O0+7CO, + H,O — 4 FCH(HCO3)2
biomass

Because Fe is mobilized by reduction, it can be redistributed over a
range of distances within a soil horizon, a soil profile or cven a soil-
scape. This characteristic together with the fact that there are several dif-
ferent Fe oxides, results in numerous occurrences of these compounds in
weathering environments. This can be illustrated with color slides, if
time is available.

Although the type of mineral that ultimately forms is mainly governed
by its thermodynamic stability, what is observed at any time or even as a
quasi-stable end product, is governed by kinetic factors. Important para-
meters that govern the phase that forms are: temperature; solution com-
position (pH; Eh; Fe concentration and oxidation state; type and concen-
tration of anions); rate of Fe supply; rate of oxidation.

Thermodynamic stability which varies for the different Fe oxides is the
most important parameter if the system has reached equilibrium. The two
most stable oxides are goethite and hematite and indeed, these are, by far,
the oxides most frequently found in the weathering environment. Thermo-
dynamic data tell us, however, that the formation of goethite or hematite
involves almost identical reaction energies, so this data is not sufficient to
decide unequivocally which compound is the more stable. Thus kinetic
factors come into play. These are far from being fully understood,
although the general conditions that favor certain Fe oxides have becn cs-
tablished. For example, higher temperature and/or lower water activity fa-
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vor formation of hematite over that of goethite because these conditions
promote dehydration. Nevertheless, hematite can easily form at a water
activity of 1 (liquid water). In fact, the transformation of 2-line ferrihy-
drite into hematite needs a minimum of water in the system (Schwertmann
et al. 1999). Other factors which determine which phase forms are pH and
solution components such as Al, Si and organic compounds.

The occurrence and persistence of mestable oxides such as lepidocrocite
and ferrihydrite can also be explained by kinetic factors. Some of these
play a significant role in the natural environment. The synthesis experi-
ments with temperatures of 25 and 90 °C, pH values of 6 and 8, various
anions (chloride, chlorate, sulfate) and two different initial oxidation
states of Fe illustrate this.

Since pH is an important factor, the protons that are produced during the
synthesis process by hydrolysis of Fe>*, must be taken into account. The
reactions involved are:

Step 1. Oxidation: 4 Fe*"+0,+4H" — 4F* +2H,0
Step 2. Hydrolysis: 4 Fe** + 8 H,0 —> 4 FeOOH + 12 H"

Net reaction: 4 Fe** + 0, + 6 H,O — 4 FeOOH + 8 H”

In the weathering environment, the protons may be buffered by solid-
phase buffer systems. In our experiments, the solutions are buffered by
NaHCOj; (goethite system), by adding an initial excess of base (magne-
tite system) or by using a pH-stat device (lepidocrocite system).

Hematite and ferrihydrite are formed via hydrolysis of Fe'" solutions. To
produce hematite rapidly in an aqueous system, an Fe(ClOg4); solution is
hydrolyzed at 90°C and low pH (ca. 2). With more time available
(months—years) hematite may also form in aqueous solution at ambient
temperature and in fact, even at temperatures as low as 4 °C.

The very poorly ordered ferrihydrite with only two, broad XRD peaks is
the result of extremely rapid hydrolysis of Fe** ions at pH >5. The better
ordered ferrihydrite with 6—7 XRD peaks can be obtained by a method
described in section 8.4.

Figure 16-2 summarizes the pathways and conditions for the formation
of the five oxides in the above experiments.

The different oxides can be distinguished by their colors. The purity can
be checked using X-ray diffraction analysis. Diffractograms of the var-
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Fe2+ Fe3+
O, + Hy0 H,0
:‘ slow fast
Process oxidation and hydrolysis | hydrolysis
I
|
Ferrihydrite
Conditions pH6 pH8  carbonate dehydration pH1-2 pH >4

ions  rearragement  90°C

|

Product Lepidocrocite Magnetite  Goethite  Hematite ~ Hematite Ferrihydrite
(2-line)

Fig. 16-2. Formation pathways and conditions for synthesis of Fe oxides in the
experiments (full lines; broken line indicates pathway not shown in the lecture).
(From Schwertmann et al., 1995; with permission.)

ious Fe oxides are shown throughout the book. As seen from the sharp-
ness of the X-ray peaks, the magnetite and the hematite are extremely
crystalline (sharp peaks), whereas the goethite is poorly crystalline
(broad peaks) and the lepidocrocite is intermediate.

16.4 Video: Iron in a Landscape

The lecture can end “in the field” with a five min. video (obtainable
from Dr. M. Stross, Medienzentrum, Techn. Universitit, Lotstr.; D-80290
Miinchen; Germany). This video concentrates on a low moor soil profile
in a Pleistocene valley near Munich in which two iron-rich layers —
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a layer of whitish siderite (FeCO3) capped by a reddish brown goethite
layer — occur. The siderite is identified by a color test for Fe*" involving
reaction with 2,2 bipyridyl — a red color develops (Childs, 1981). The
goethite cap has formed by oxidation of the siderite with atmospheric
oxygen. Also illustrated is the behavior of the goethite layer upon burn-
ing the neighboring peat (this often occurred in past centuries for recla-
mation purposes). It is seen that upon firing, the yellow goethite turns
into bright red hematite. Due to the presence of the organic matter
(peat), maghemite forms as well as hematite. The presence of the maghe-
mite can be easily shown because it sticks to a magnet. This experiment
is also suitable for a benchtop demonstration.

Further details and explanations are provided in the video itself and in
McMillan and Schwertmann (1998).

This chapter is based on a lecture given at the 10™ International Clay
Conference, Adelaide, Australia, in 1993 and published in the Proceed-
ings of this Conference (1995, G. J. Churchman et al., Eds.) Clays Con-
trolling The Environment p. 11—14. With permission of CSIRO Publish-
ing, Melbourne.
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iron respiration 16, 160

isomorphous substitution 6, 13, 73

— determination by chemical analysi;
23

274F.

10, 11,



— determination by x-ray peak shift
451F.
— effect on color 40

Jacobsite 74
Jahn Teller effect 6, 47
Kubella Munk theory 32

Lanthanum boride 44

Lepidocrocite
— Al-substituted 95
— color 15,37,94

— contamination with organic oxidant
95

— electron micrograph 49, 96

— equipment for synthesis 94

— in biota 6

— in environment 15ff,

— infra-red spectrum 96

— Mdssbaner spectra 97

— morphology 16, 95ff,

— preparation of 93ff., 158ff.

— structure  7ff.

— tabular 97

— x-ray diffractogram 96

maghemite

— color 9,37, 141
— composition 141
— insoils 151T.

— mechanisms of formation during
pedogenesis 17

— Mdssbauer spectrum 139

— monodisperse spindles 142

— morphology 142

— hanoparticles 59

— OH in structure 142

— preparation of 142ff,

— structure 9, 141

- supetstructure lines

— symmetry 9

— transformation of 142

— x-ray diffractogram 138

9,17, 141

Index 187

magnetite

— Al-substituted 89, 140

— as a contaminant 82

— by decomposition of metalchelates
64

— color 30, 37

— dissolution of 25

— electron micrograph 137

— equipment for synthesis 136

— insoils 17

— Mossbaner spectrum 139

— morphology 28, 64, 126

— nanosized 59

— octahedra 64

— oxidation of 63, 140

— partly oxidized 37, 140

— preparation of 64, 1351f, 158

— size of crystals 17

— spheres 58

— structure & ff.

— x-ray diffractogram 138

magnetic paper - 59

microbial reduction 14, 19

microorganisms 13, 16, 159

— gallionia 16

— lepthotrix 16

— thiobacillus ferroxydans

microscopy 471t ;

Mn-effect on goethite unit cell 47

Maéssbauer spectroscopy 53

monodisperse particles 57ff, 63, 77,
124, 129

multidomainic crystals
130

Munsell

— chart 32

— color book 29, 35

— system 34ff.,, 37

Munsell color of Fe oxides

18, 147

67, 83ff,

38ff.

nanosized particles 14, 59, 108, 123
Nessler’s reagent 24

nucleation 55ff, 129
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octahedra of Fe(O, OH)s, arrangement
of 6ff, 37

olivine 14

Ostwald law of stages 56

Ostwald ripening 114

oxalate

~ adsorbed 57, 127, 108

— extraction 23, 50fT.

oxidation of Fe** by micro-organisms
18, 147

oxyhydroxy salt 5, 147ff.

point of zero charge (PZC) 20, 59,
109, 129

porosity 49ff.

preparative tcchniques

proto ferri hydrite 9

pseudomorphis 63

pyrite 14

1911,

quartz, coated with Fe oxide 153 ff.
reagents

— discolored 25

— purity of 25

redispersion 21, 108 ff.

reflectance spectra 3011,

Rietveid analysis 44 ff.

rust 13

sand 153

seeded growth 25, 56ff., 114
Schwertmannite 7, 18

— analogues of 148, 151

- electron micrographs  149fT.
— formation in acid mine waters 147
— infra-red spectra 149

— Mdssbauer spectra 151

— morphology 148

— preparation of 147 ff.

— structure 18, 147

— transformation to goethite 148
~ x-ray diffration pattern 149
silicate 64, 89, 104, 111, 134

silicon 44

Si0,, coated with Fe oxide
spinel 9, 90

storage of iron oxides 21
surface area measurement

153 ff.

491f.

temperature of synthesis 2, 85, 114
thermoanalysis 53

thiobacillus ferroxydans 18, 147
triethanolamine (TEA) 64, 132

topotaxy 63

transformation
— of akaganeite 114
— of ferrihydritc 61 ff, 72ff, 122

- of lepidocrocite 141

— of magnetite 141

— of Schwertmannite 148

pathways 11, 72T,

— phase 63

transport studies 153

twinned crystals 57, 67, 71, 83ff,,
90ff, 113ff, 119

unit cell edge lengths 12, 45ff, 84,
90ff., 129, 136, 142

urotropin method 95

value 35
vanadium 91
Vegard rule 47

washing of iron oxides 19ff.
Wiistite 13

water

— adsorbed 21, 23

- structural/non structural 23, 129

X-ray powder diffraction 42ff.
— internal standards for 44

- peak intensity 44

- peak position 44

— peak width 44

— radiation 43
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