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coordination. These “coordination-unsaturated” sur-
face sites are highly amenable to the adsorption of
foreign species and, combined with the large surface
area, may account for the high adsorptive capacity
of ferrihydrite. The adsorption of various ions gener-
ally retards the transformation of ferrihydrite to
goethite or hematite.

[I. Introduction

Iron is the fourth most abundant element in the
earth’s crust and is the second most abundant metal.!
Iron occurs in a diversity of minerals including
sulfides, oxides, hydroxides, and complex hydroxide
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anion species such as jarosite, KFe3(SO4)2(OH)e.
Weathering results in the presence of iron in natural
waters, soils, and oxidized ore cappings. Because of
its relative abundance, iron is a common constituent
of virtually all ores and concentrates treated by the
metallurgical industry. The processing of base metal
sulfide ores by flotation techniques generates large
tonnages of tailings which commonly contain abun-
dant pyrite and/or pyrrhotite. The oxidation of the
iron sulfide minerals in tailings ponds releases an
acidic iron sulfate drainage, the neutralization of
which generates poorly characterized iron hydroxide
species. In addition, the processing of base metal
sulfide concentrates by hydrometallurgical methods
solubilizes at least part of the inevitably associated
iron content. At some point in the processing circuit,
the dissolved iron must be removed by hydrolytic
precipitation. Although the industry has developed
sophisticated techniques to precipitate the iron as
easily filterable jarosite, goethite, or hematite,? pre-
cipitation of some iron hydroxide is commonly prac-
ticed either to reduce the iron concentration to very
low levels or to eliminate specific impurities from the
circuit.®

Traditionally, the iron hydroxide precipitates en-
countered in the metallurgical industry have been
described as amorphous ferric hydroxide, colloidal
ferric hydroxide, Fe(OH);, etc. Significantly, how-
ever, the precipitates do not have the composition Fe-
(OH)3, and they are not amorphous although their
X-ray diffracting properties are poor. It is now
recognized that many of these precipitates are actu-
ally ferrihydrite, and their widespread occurrence
makes ferrihydrite an important species in the
natural environment, in tailings management, and
in metallurgical processing.

In their seminal paper on the iron compound later
to become known as ferrihydrite, Towe and Bradley*
introduced their topic as follows:

In the past colloidal ferric oxides and hydrox-
ides have been the subject of a great deal of
interest and several distinct phases have been
identified and characterized. In addition to
these more definite phases, however, there exists
a widely occurring group of amorphous and
paracrystalline-to-crystalline compounds referred
to in various ways but most frequently as “hy-
drous ferric oxide” or “ferric hydroxide”. The
data concerning such materials are often con-
tradictory, as are interpretations regarding their
mineralogical composition.

Towe and Bradley were able to characterize their
synthetic phase sufficiently that correspondence with
a naturally occurring analogue was no longer in
doubt. The latter was referred to as the “Towe—
Bradley phase” in the title of the paper by Chukhrov
et al.,® but the new name ferrihydrite, alluding to the
composition, was introduced within the text. The
name ferrihydrite was used again by Chukhrov et
al.,5 and was in further use by 1973.7 Childs®
reported that approval of the new name by the
International Mineralogical Association (IMA) did not
take place until 1975, but his inference is probably
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characterization of the species in processing opera-
tions. In an effort to address these issues, a system-
atic review of the literature on ferrihydrite was
carried out to identify its modes of occurrence, to
characterize its composition and crystal structure,
and to discuss some of its properties of relevance to
the minerals industry.

lll. Occurrences of Ferrihydrite

A. Extraterrestrial Occurrences

The presence of limonite in altered chondrite
meteorites was known prior to the work of Tomeoka
and Buseck®®® and Keller and Buseck,?® but the
guantity was insufficient to account for the apparent
amount of Fe(l1l) as determined by chemical analy-
sis. Selected-area electron-diffraction patterns of the
iron oxide showed two broad rings at d values
characteristic of 2-line ferrihydrite. Tomeoka and
Buseck!® suggested that the ferrihydrite, which is
intergrown intimately with fine-grained phyllosili-
cates and amounts to ~34% of the iron in the Orgueil
meteorite, is preterrestrial rather than a terrestrial
weathering product. Brearley?' obtained electron
diffraction rings at 2.45, 2.15, 1.99, and 1.41 A,
characteristic of 4-line ferrihydrite, from a hydrated
iron oxide that makes up about 10 vol % of the matrix
of the Kakangari chondrite. Brearley accepted the
contention of Tomeoka and Buseck that the ferrihy-
drite in the chondrite they examined was of preter-
restrial origin, but concluded that the occurrence of
ferrihydrite within pores in the matrix of the Ka-
kangari chondrite did not exclude a possible ter-
restrial genesis for the mineral. Subsequently, Brear-
ley and Prinz?? reported the presence of 3-line (2.54,
2.20, and 1.54 A) ferrihydrite in a ureilite and
proposed that ferrihydrite formed initially from pent-
landite, and then from magnetite, in the earliest
stages of preterrestrial aqueous oxidation.

The presence of ferrihydrite as a preterrestrial
alteration mineral is strongly supported by textural
features, and this genesis seems to have been ac-
cepted without challenge. It has been further sug-
gested?3?4 that ferrihydrite-bearing clay silicates
(smectites) warrant serious consideration as ana-
logues for soils on Mars. This suggestion is based
on the identification of ferrihydrite as the interlayer
ferric component in Fe(l11)-doped smectites prepared
in the laboratory and on the recognition that spec-
troscopic analyses of the doped smectites and the soils
on Mars exhibit important similarities.

Altered basaltic glass (palagonite) on Mauna Kea
volcano on the island of Hawaii is a good spectral
analogue of Martian bright regions. Nanophase
ferric oxide, which is a generic term for ferric oxide/
oxyhydroxide particles having nanoscale (<20—50
nm) particle dimensions, was found by Morris et al.?
to be responsible for the ferric doublet detected in
the Mdssbauer spectrum and for the visible-wave-
length ferric absorption edge observed in the reflec-
tivity spectra. The nanophase ferric oxide, either
hematite or its mixture with ferrihydrite, was con-
cluded to be the primary pigmenting agent of the
bright soils and dust of Mars.
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B. Ferrihydrite in Waters and Sediments

In their original descriptions of ferrihydrite, Chu-
khrov et al.>!° noted that the mineral occurs as
deposits associated with cold-water springs, and as
a supergene alteration product, at several localities
throughout the former USSR. In the 1973 descrip-
tion, 11 localities were specifically named, and all
were reported to have near-neutral pH, outlet tem-
peratures of 5—7 °C, and to involve the participation
of the bacteria Gallionella ferruginea, Leptothrix
ochracea, and Toxothrix trichogenes. Chukhrov et al.
also cited occurrences in mine workings, on volcanic
rocks at the edge of a caldera in which the temper-
ature of a water spring issuing from the floor was
30—40 °C, as precipitates from a thermal spring (80
°C, pH 5.8—6.1), in iron-bearing sediments from the
Red Sea depression, and in ferruginous sediments
affected by thermal waters in the Kuril Islands. It
was concluded that ferrihydrite is geologically young
(Pleistocene or younger) and that it transforms to
hematite on aging, and to goethite in the presence
of solutions containing iron(l1).

Ferrihydrite has been noted in the water column
of lakes?® and was reported to be the main crystalline
form of the Fe(ll1) precipitates in the recent bottom
sediments of lakes in the Muskoka and Sudbury
areas of Ontario,?” in the Niagara Basin of Lake
Ontario,?®?° and at Narrow Lake, north of Edmonton,
Alberta.?° Some of these sediments contain up to 1.5
wt % P, with much of it adsorbed as PO, on the
ferrihydrite. At a site in New Zealand, adsorbed P
in ferrinydrite was noted by Childs et al.3! to decrease
downstream relative to the P contents in the mineral
at the spring-fed source, whereas the reverse oc-
curred for Si, Al, Ca, and C. Schwertmann et al.®?
reported that the bottom sediments in two Finnish
lakes (pH 6.7—6.9) contain as much as 50 wt % Fe,
present largely as various proportions of ferrihydrite
and goethite. Locally increased proportions of ferri-
hydrite were attributed to a higher rate of Fe(ll)
supply from the groundwater, and to a higher rate
of oxidation as a function of water depth and bottom-
sediment permeability.

Aeration of water, including that for drinking
purposes, commonly leads to the precipitation of
ferrinydrite.33-3% Ferrihydrite also forms as incrusta-
tions in water wells and on metallic objects immersed
in wells,® and has been noted as coatings on the
walls and bases of paddy races in Japan,®” and as
coatings on pebbles in ferriferous streams.3 lvarson
and Sojak3® described the occurrence of abundant
Gallionella in the effluents and ochreous deposits of
partly blocked field drains at several Ontario sites.
Although only “amorphous” iron oxides were detected
by X-ray diffraction, the apparent lack of detection
of ferrihydrite was possibly related to the timing of
the study, which was only shortly after the recogni-
tion of ferrihydrite as a mineral.

Henmi et al.*® suggested that poorly crystallized
siliceous ferrihydrite precipitates, for which the Si—O
stretching band of the infrared spectrum shifted as
Si increased and Fe decreased, might represent a
series with hisingerite Fe,®*Si,O5(0OH)4-2H,0. In
ferrihydrite containing 3—7 wt % Si, Carlson and
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Schwertmann®® noted a broad absorption band at
960—975 cm™1, which does not occur either in pure
ferrihydrite or in a mechanical mixture with amor-
phous silica (1080 cm™1); the 960—975 cm~* band was
therefore attributed to Fe—O—Si bonds. Experimen-
tal tests by Carlson and Schwertmann showed that
Si concentrations of 7—12 mg/L inhibited the crystal-
lization of lepidocrocite and goethite in favor of
ferrihydrite.

Chukhrov* proposed that hematite in red-bed
deposits originated by the alteration of ferrihydrite
that had been transported as particulate matter to
the depositional site, and subsequently spontaneously
altered to hematite. The presence of ferrihydrite in
marine sediments has been inferred (on the basis of
extractions with 0.2 M ammonium oxalate solution)
by Canfield,*? and the detection of a ferrihydrite-like
phase in Pacific Ocean deep-sea iron—manganese
oxide crusts was reported by Murad and Schwert-
mann.*® Ferrihydrite, feroxyhyte, akaganéite, goe-
thite, hematite, magnetite, maghemite, and chromite
were found in polymetallic nodules from the East
Pacific basin.** Dill et al.*® found that ferrihydrite
occurred sparingly in metalliferous muds associated
with several “hot spots” on the East Pacific Rise (18°
S); the mineral formed during the initial stages of
oxide precipitation, and subsequently was altered to
goethite during diagenesis. The presence of the sole
clay mineral, nontronite, was ascribed to the reaction
of ferrihydrite with hydrothermal silica. lron-rich
plumes at the East Pacific Rise contain particulate
oxyhydroxides consisting mainly of ferrihydrite,*¢ and
hydrothermal iron-rich crusts recovered from several
volcanic “hot spots” in the southwestern Pacific
consist largely of ferrihydrite.*” The crusts were
formed by the interaction of seawater and hydrother-
mal fluids discharged from the volcanoes. Brown et
al.*8 and Sawicki et al.*® noted the coexistence of
siderite and ferrihydrite in a microbial biofilm that
formed on the wall of an excavated vault, deep
underground in the Lac du Bonnet batholith in
Manitoba. They suggested that this type of mecha-
nism for the precipitation of Fe(l1) and Fe(l11) in close
proximity may have a bearing on the geological
development of banded iron formations, a suggestion
expanded upon by Brown et al.%®

C. Ferrihydrite in Soils

Ferrihydrite typically forms where oxidation of Fe-
(I1) is rapid, and thus it is perhaps not surprising
that the first reported occurrence of ferrihydrite in
soils was for weathered crusts on basalts in Hawaii.5*
Ferrihydrite has since been detected as an important
constituent in Spodosols,®?~% in loess,> as the pre-
cursor to hematite in rubified (hematitic) soils,®® in
a peat bog,% in bog iron,%® in soil concretions® and
hardpan,® in oxidized surface layers of saline sulfidic
soils of Australia,®® and as the oxidized coatings on
diabase and sandstone in Antarctica.’> Numerous
additional references to the presence of ferrihydrite
in soils are given in the review papers by Childs® and
Schwertmann,?% who cite publications on well-
documented occurrences in hydromorphic (gley) soils,
in placic horizons,%* in podzols,55%¢ in Spodosols and
Spodosol-like soils, in soils derived from volcanic ash
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and tephra,®” in rice-paddy soils,®® and in iron pans.
Childs® noted that long periods of weathering usually
lead to the formation of goethite and hematite, and
that

the emerging general impression is that fer-
rihydrite is a common component of...soils un-
dergoing rapid early weathering, of soils con-
taining soluble silicate or organic materials that
inhibit the formation of more crystalline iron
oxides (and hence stabilize ferrihydrite), and of
soils that are subject to periodic reduction and
oxidation (including paddy soils).

The various properties of ferrihydrite that affect
the character of soils are reviewed by Childs.? Aside
from the obvious role as a cementing and pigmenta-
tion agent, it has been shown by Parfitt®® that
ferrihydrite is comparable to allophane as an ad-
sorber of phosphate. The presence of humic com-
pounds is known to inhibit crystal growth, and high
C/Fe ratios result in the formation of ferrihydrite
rather than goethite or lepidocrocite.5”.7° Adsorption
of organic complexes increases the solubility of fer-
rihydrite and decreases the cementation and stability
properties of the soils.”%"? The decrease ensues
because ferrihydrite in soils in temperate regions has
a positive charge and is attracted to the permanently
negatively charged sites on clay—mineral surfaces;’?
addition of organic carbon reduces the positive charge
of the ferrihydrite, and gradually may even reverse
it at high-carbon contents.’

Most ferrihydrite occurs in pedogenic environments
that are moist and cool. Under warmer or dryer
conditions, ferrihydrite generally transforms to goe-
thite or hematite. The rate of this conversion and
the various factors that affect it are discussed in the
section on transformations.

D. Mine Wastes and Acid Mine Drainage

Oxidation of pyrite in coal commonly leads to the
generation of acidic effluents and downstream pre-
cipitation of ochreous, iron-rich deposits. Numerous
occurrences of ferrihydrite in such precipitates, mainly
from coalfields in Ohio, have been reported.”"
Ferrihydrite is one of the oxidation products in a suite
of secondary minerals that formed in weathered Pb—
Zn ores in the Tyne River Basin in northeast En-
gland.”® Weathered uranium ore in the Alligator
Rivers region of the Northern Territory of Australia
contains U- and Th-bearing iron oxides, principally
ferrihydrite and goethite.”” At both locations, the dis-
solution of the ore minerals and downstream trans-
portation ultimately lead to the precipitation of iron
oxides, including ferrihydrite. Similarly, uranium
minerals in the shallow ore zones of the Koongarra
uranium deposit, Northern Australia, have been at-
tacked by groundwaters, resulting in a zone of ele-
vated U concentrations extending away from the ore
zone in the direction of the groundwater flow. Chemi-
cal extractions indicated that the uranium is associ-
ated predominantly with ferrihydrite and other iron
oxides, and laboratory experiments demonstrated
that the transformation of ferrihydrite to more crys-
talline iron oxides substantially reduced the ability
of the samples to adsorb uranium from solution.’
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Weathered, arsenopyrite-rich gold ore that had
been ground and treated with cyanide at the Yankee
mine near Trentham, Victoria, Australia, was exam-
ined by Brown et al.”® Using Mdssbauer spectroscopy
as the only tool for identifying the weathered prod-
ucts, they concluded that the principal secondary
mineral is pharmacosiderite and that small amounts
of scorodite, ferrinydrite, and goethite are also present.

The pore waters within sulfide-rich tailings are
invariably highly charged with iron derived by the
oxidation of pyrite (FeS,) and pyrrhotite (Fe;—S). A
characteristic feature of the surfaces of oxidized
tailings impoundments is their rusty color, which
results mainly from the destruction of iron sulfides
and the consequent reprecipitation of the iron as
secondary iron oxides. Goethite, and locally jarosite,
are the predominant secondary minerals,® but fer-
rihydrite also occurs in small amounts.8* Ferrihy-
drite also has been noted to form during the drying
of the cores retrieved from tailings impoundments,
thus indicating that the Fe-rich pore waters may
yield ferrihydrite precipitates, but only after external
influences are imposed.®? Accordingly, caution is
required in the sampling methodology and the inter-
pretation of the results.

The seeps adjacent to tailings impoundments are
common sites for ochreous precipitates. A plume of
red-brown sludge near the margins of a retention
pond at the Ranger uranium mine, Northern Terri-
tory, Australia, was found® to consist mainly of
ferrihydrite, with lesser amounts of goethite and
lepidocrocite. At low water levels, and accompanying
higher water temperatures, additional goethite forms
by direct precipitation and by transformation of the
ferrihydrite.

Sediments receiving acid drainage from mine tail-
ings at Rossport (north shore of Lake Superior),
Burchell Lake (west of Thunder Bay), and Cranberry
Lake (northwest of Sudbury) in Ontario, and from a
coal refuse impoundment in Belmont County, Ohio,
were found by Ferris et al.®* to be laden with
ferrihydrite. Johnson® suggested that concentra-
tions of Cu and Zn released by the acid mine drainage
were subsequently affected mainly by downstream
adsorption on ferrihydrite. Mann and Fyfe® identi-
fied goethite, ferrihydrite, maghemite, hematite, and
akaganéite at the cell walls of Euglena sp. extracted
from sediments cored at a discharge channel of the
Stanrock tailings area, Dennison Mines Limited,
Elliot Lake, Ontario. At the Levant mine, Cornwall,
England, ferrihydrite not only occurs as a mineral
in an extensive secondary suite, but also is present
in suspended flocculates in waters collected within
the mine.®” The flocculates in low-pH (<5) waters
consist of goethite, ferrihydrite, lepidocrocite, and
quartz, whereas near-neutral (pH 5—8) groundwaters
contain a different assemblage in which jarosite is
present and ferrihydrite is absent.

One of the technologies under investigation for the
treatment of acid mine drainage involves the con-
struction of artificial wetlands containing vegetation
capable of sorbing toxic metals. More than 300
experimental wetlands have been established in
Appalachia alone.®® The characterization of the
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metal forms retained by the wetland substrates is
generally on the basis of sequential extractions, but
for one such constructed wetland, which receives
AMD from an abandoned coal mine in McCreary
County, Kentucky, the mineralogy of the precipitates
has been determined.®® Minerals precipitating in
flumes and in entry wetland cells lacking vegetation
included ferrihydrite, lepidocrocite, goethite, possibly
an akaganéite-like mineral, and high Fe/S ratio iron-
oxyhydroxysulfates (similar to schwertmannite).
Within vegetated wetland cells lined with crushed
limestone, well-crystallized gypsum, lepidocrocite,
and Fe-oxyhydroxysulfate minerals with low Fe/S
ratios were accompanied by gradual reductions in
ferrihydrite and akaganéite. The overall composition
of the precipitates suggested that the Fe chemistry
is controlled primarily by the solubility of iron
oxyhydroxides in flumes, and by S-enriched iron
oxyhydroxides inside the wetland cells. Formation
of jarosite and goethite seems to have been inhibited
by the presence of organic constituents as well as the
presence of iron oxyhydroxysulfates and gypsum.
Karanthanasis and Thompson® determined that
more than 95% of the Fe, 99% of the Mn, and ~100%
of the Zn in the surface effluents were in inorganic
forms, whereas ~99% of the Cu and ~40% of the Al
were organically bound. This speciation pattern was
consistent throughout the wetland.

E. Other Occurrences

Ferrihydrite is well-known as one of the products
derived from the corrosion or atmospheric oxidation
of iron and steel. As knowledge of the constitution
and distribution of Fe oxides derived thusly is of
enormous economic importance to the iron and steel
industries and their users, much of the literature
pertaining to ferrihydrite is concerned with this topic
(refs 90—92, and the references therein). Ferrihy-
drite is also of economic importance in that it is one
of the iron-based catalyst precursors used in convert-
ing coal to liquid fuel by direct coal liquefaction, and
is also applied to the slurry phase in heavy-oil
upgrading processes. The effectiveness of ferrihy-
drite in relation to some of the other iron oxides may
be attributable in part to the fine particle size and
high dispersion (lack of agglomeration) of ferrihy-
drite, especially the 6-line versus the 2-line variant.
Studies of ferrihydrite as a catalyst thus have the
objective, in large part, of determining how to main-
tain or increase its surface area, thereby minimizing
catalyst loading. Addition of adsorbents, such as Si,
can increase by hundreds of degrees the temperature
at which ferrihydrite converts to hematite; as the
conversion stage is also the main agglomeration
stage, addition of an adsorbent, both as to type and
doping level, can be cost-effective in decreasing
catalyst loading. These studies have contributed
significantly to the understanding of the nature of
the transformation of ferrihydrite to hematite,®® the
effects of Mo, Si, and Al adsorption,®*% and the
structure of ferrihydrite.%:°7

Many references to ferrihydrite in the literature
are concerned with the nature and behavior of the
ferrihydrite-like cores in ferritin because the manner
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in which the protein shell takes up, sequesters, and
releases its iron is of great biological importance.®®
This and directly related biological topics, however,
are not dealt with herein.

F. The Role of Ferrihydrite in the Geochemical
Cycling of Iron

Oxyhydroxides of iron play a significant role in the
geochemical cycling of iron, and in oxidizing environ-
ments the development of ferrihydrite is superseded
only by that of goethite and hematite. Although
ferrihydrite is unstable, and with time will convert
to the more stable iron oxides, namely goethite or
hematite, the transformation can be retarded by
adsorption of various species, both inorganic and
organic. It has long been suggested by Schwertmann
and his colleagues that ferrihydrite is a necessary
precursor to the solid-state formation of hematite.'3:9°
The limited range of stability of ferrihydrite relative
to hematite and goethite, however, has resulted in
the absence of ferrihydrite in all but the most recent
part of the geological column. In modern natural
environments there seems little doubt that the
abundance of ferrihydrite is underestimated because
of its lack of detection rather than its lack of presence.
Ferrihydrite is unquestionably a mineral name that
is more familiar to soil scientists than to those in the
earth sciences community. Until very recently, few
geochemists or mineralogists seemed to be aware
that the “amorphous Fe(OH)3” phase widely used in
geochemical calculations is an inaccurate representa-
tion of ferrihydrite.

Natural precipitation of ferrihydrite is perceived
to be limited by the need for rapid oxidation of Fe>"
to bypass the formation of the FeOOH phases. A
further perceived limitation is that although the pH
range for ferrihydrite precipitation extends from
slightly acidic to slightly alkaline conditions, which
encompasses all but the most extreme of natural
aqueous environments, the pH range is nevertheless
more restricted than that which permits goethite
precipitation. The ferrihydrite occurrences outlined
in the preceding text, however, show that the mineral
is widely distributed in various soils and sediments,
and forms from iron-laden water from which precipi-
tation is rapid. Accelerated oxidation of iron by
microbial activity seems to be a favorable condition,
but is not essential.

Two of the most significant roles of ferrihydrite in
the geochemical cycle are as an adsorbent of various
trace elements and as a control on the concentration
of iron in surface waters. Adsorption onto ferrihy-
drite and other iron oxides has been shown to play
an important role in the transportation of Pb from
continental waters to the oceans.!® As has been
noted by Coston et al.?%! sorption of metal ions in
natural systems is thought to be dominated by
surface reactions with Fe and Al oxyhydroxides and
organic coatings,'%? and this association between
contaminant metals and the oxyhydroxides has been
used as an indicator of contaminant levels in sedi-
ments. In lacustrine sediments, the deportment of
arsenic may be largely controlled by the association
with ferrihydrite (readily extractable amorphous Fe
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oxyhydroxide).1% Adsorption in natural systems is
generally pH-dependent, both for ligands!®* and
metals. Minor fluctuations in pH in natural systems
may play a significant role in controlling the adsorp-
tion—desorption reactions associated with ferrihy-
drite. Fuller and Davis,3* for example, observed
diurnal fluctuations in the arsenate content of two
streams, the pH of which varied by as much as 0.5
units daily in the pH 8 to 9 range because of
photosynthesis. Arsenate adsorption decreased as
the pH increased, and it was suggested that fluctua-
tions in pH might have an even greater effect on trace
metals such as Zn, Cu, and Cd.

It seems highly probable that many of the litera-
ture references to amorphous or colloidal iron hy-
droxides deal with ferrihydrite in all but name.
Kimball et al.,*% for example, reported on the deport-
ment of As, Cd, Cu, Mn, Pb, and Zn in acid mine
drainage associated with a phase variously described
as “ochre-colored colloids” and “colloidal hydrous Fe
oxides”, but ferrihydrite per se was not mentioned
in the paper. Ferrihydrite is difficult to identify
explicitly in routine determinative procedures, and
occurrences of the mineral have been underestimated
either because of a lack of detection or because, in
some cases, the occurrence has been cloaked by a
pseudonym such as “amorphous iron hydroxide”.

The role of diurnal fluctuations should not be
underestimated as a key factor in the genesis of
ferrihydrite in nature. McKnight et al.’®® have
proposed that diurnal fluctuations of iron in stream-
waters contribute to the preponderance of “amor-
phous iron hydroxides” relative to the better crystal-
lized forms. It is well-established that particulate!?”
and colloidal iron oxyhydroxides undergo inor-
ganic'®®1% and organic-dependent photoreduction;
the reaction occurs both in freshwater'!® and seawa-
ter.111112 The Fe(ll) produced by photoreduction is
transient!'314 and is rapidly oxidized, with the
resultant precipitation of ferrihydrite. Thus, al-
though a need for somewhat special circumstances
to produce ferrihydrite is implied, it is apparent that
the requirements for ferrihydrite precipitation can
be fulfilled on an enormous scale on a daily basis.

IV. Crystal Structure of Ferrihydrite

A. Historical Models

Towe and Bradley* synthesized ferrihydrite by
preparing a 0.06 M solution of Fe(NO3);*H,O and
hydrolyzing it at 85 °C. The resulting wine-colored
sol was centrifuged and dried at 50 °C and/or 110
°C. As well, the iron micelle of ferritin, a protein
macromolecule similar to ferrihydrite that functions
in the storage of iron and is found especially in the
liver and spleen, was isolated by dissolution of its
protein shell. X-ray and electron-diffraction patterns
of the centrifuged product showed no differences from
untreated ferritin.

Data obtained by Towe and Bradley* are sum-
marized in Tables 3 and 4. Much of the remainder
of their paper is a discussion of their proposed
structural model which, although related to hematite,
differs because of the large number of vacant Fe3"



2556 Chemical Reviews, 1998, Vol. 98, No. 7

Jambor and Dutrizac

Table 3. Summary of Data Obtained by Towe and Bradley* for Ferrihydrite

density
composition

3.96 g/cm?®
84 wt % Fe,O3

infrared spectrum 3450 cm™~! strong 1620 cm~! weak

DTA strong exotherm ~100 °C endotherm ~425 °C
X-ray 9 lines recorded
unit cell a=508,c=94A

pycnometer determination of micellar material

3.7Fe;03-6.9H,0, ideally 3.75 Fe,03-6.75H,0 or
Fe507,5-4.5H20 = FesH03'4Hzo

attributed to molecular H,O; no features at 3600—3700 cm™*
or 800—850 cm™! attributable to hydroxyl

loss of H,O conversion to hematite

see Table 4; electron diffraction gave only two broad bands
at ~2.55 and 1.47

rhombohedral, related to hematite, with hexagonal closest
packing of oxygens

Table 4. X-ray Diffraction Data for Synthetic
Ferrihydrite*

| of corresponding

Lobs? Omeas®  deatc hkl line of hematite
uncertain 4.7 4.70 002 vw
uncertain 4.2 4.40 100, 101 —
uncertain 3.3 3.24 102 -
S 2.54 2.54 110 80
m 2.47 2.46 111 —
m-s 2.24 2.24 112 70
m(broad)  1.98 1.97 113 —
w 1.725 1.73 114 80
m 1515 151 115 —
s 1.47 1.47 300 80
VW 1.34 1.33 116 <40
VW 1.23 1.24 304 10

uncertain  1.18 1.275 008 -
uncertain  1.05 1.04 306 -

a Abbreviations: s, strong; m, medium; w, weak; vw, very
weak. P Boldface added here to distinguish the conclusively
observed diffraction lines.

sites and concomitant ferric iron disorder in ferrihy-
drite and the four-layer repeat of hexagonal anion
packing rather than the six in hematite 41122116

Van der Giessen,'” working independently from
Towe and Bradley,* synthesized ferrihydrite at 20 °C
by the addition of ammonia to a solution of ferric
nitrate. The product was similar to that of Towe and
Bradley, and Van der Giessen proposed a cubic cell
with a = 8.37 A; he did not elaborate on a structure,
and the diffraction data were subsequently reinter-
preted by Atkinson et al.1*® as arising from goethite
rather than ferrihydrite.

Chukhrov et al.*! raised objections to the Towe—
Bradley structure model, and in their paper Chukhrov
et al. introduced the name protoferrihydrite for the
less-crystallized variant that gives only two diffrac-
tion peaks, at about 2.5 and 1.5 A. Protoferrihydrite
is not an approved mineral name, and although its
usage persists,*® the phase is now generally referred
to simply as ferrihydrite or 2-line ferrihydrite.

Harrison et al.**® studied the ferrihydrite-like iron-
rich cores of ferritin macromolecules and proposed a
hexagonal cell with a = 2.96, ¢ = 9.4 A. The
structural model proposed by Harrison et al. corre-
sponds to a composition of FeOOH, and involves
oxygen and hydroxyl ions in a close-packed structure
in which Fe®t is randomly distributed among all the
octahedral and tetrahedral sites. In contrast, Brady
et al.»® concluded, from their study of ferrihydrite
synthesized by the hydrolysis of ferric nitrate solu-
tion, that all of the iron is tetrahedrally coordinated.

As is apparent from the above, there seems to be
little point in discussing in detail the individual

structures that have been proposed: electron-diffrac-
tion and X-ray patterns give only a few data points,
and these are insufficient to constrain models except
in the broadest sense. As noted by Drits et al.:*?!
“Several structural models have been suggested for
ferrihydrite ...[but] none of these is generally accepted
because the scarcity of XRD maxima makes it dif-
ficult to determine its actual structure by XRD.”
Other than the study by Russell'?? on the role of OH
in ferrihydrite, there was in essence a two-decade
hiatus that ended with the new structural proposal
by Eggleton and Fitzpatrick.'?® This new proposal,
based on results obtained using sophisticated labora-
tory equipment, ushered in the era of contemporary
models.

B. Contemporary Models

Eggleton and Fitzpatrick!®® reviewed the data
pertaining to previous structural models, and sum-
marized the various related studies that had taken
place during the 1970s. Most of the studies had
involved ferritin and synthetic precipitates, but Coey
and Readman'?* used natural ferric hydroxide gel
precipitated near freshwater springs to determine its
magnetic properties.

The X-ray patterns of 2-line and 6-line ferrihydrite
as obtained by Eggleton and Fitzpatrick'?® are shown
in Figure 1, in which it is evident that the 110 peak
for 2-line ferrihydrite is shifted to higher d values
relative to the peak for 6-line ferrihydrite (2.56 and
2.52 A, respectively). Eggleton and Fitzpatrick in-
terpreted the asymmetry on the low-angle side of the
110 peak in 6-line ferrihydrite to be the result of
incorporation of some 2-line ferrihydrite; as a sub-
traction of 40% of the intensity of the 2-line pattern
removed most of the asymmetry from the 6-line
pattern, all succeeding crystal-structure calculations
were based on the “corrected” data.

Derivation of a ferrihydrite structure model was
based largely on consideration of the X-ray powder
data. Transmission electron micrographs of some
6-line crystals had shown a prominent 9.4-A lattice
repeat, but in some crystallites the regularity was
interrupted by shorter (4.7 A) or longer (13 A)
repeats. The model was also influenced by the
results of X-ray absorption edge spectroscopy: com-
parison of the spectra of 6-line ferrihydrite with those
for FePO, (all Fe3' tetrahedral), maghemite (38%
tetrahedral Fe®"), and hematite and goethite (all
octahedral Fe®"), gave results that were interpreted
as indicating similar amounts of tetrahedral Fe®* in
maghemite and 6-line ferrihydrite.

The Eggleton and Fitzpatrick model is based on
double-hexagonal close packing of oxygens (ABAC),
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Figure 1. X-ray powder diffraction data: observed traces for 2-line and 6-line ferrihydrites, smoothed trace for 6-line
with 40% 2-line ferrihydrite subtracted, and pattern calculated assuming 40-A-size crystals. (after ref 123.)

Table 5. Indices, d Values, and Observed [F,] and
Calculated [F¢] X-ray Diffraction Structure Factors
for 6-Line Synthetic Ferrihydrite!?

hkl d [Fol [F]
002 4.7 15 24
003 3.13 32 9
110 2.52 52 55
111 2.47 —a 8
004 2.35 —a 21
112 2.23 38 38
113 1.98 29 28
005 1.88 <500 33
114 1.72 34 30
115 1.51 50 51
300 1.46 87 89
116 1.33 27 29
220 1.27 28 32
305 1.18 18 19
225 1.07 27 30

a Obscured by 110. ® Based on profile height at 57 °26 Co
Ko

as in the structure by Harrision et al.*'® Whereas
the Harrison et al. model assumed equal and random
occupancy of all octahedral and tetrahedral sites, in
the Eggleton and Fitzpatrick model two sheets of
octahedrally coordinated iron are connected by two
sheets having mixed tetrahedral—octahedral iron (in
the ratio 5:2), with the cations randomly distributed
over the available sites. After some adjustments, the
results from the Eggleton and Fitzpatrick model
yielded the calculated structure factors given in Table
5, and the calculated X-ray powder pattern shown
as the lowermost profile in Figure 1. The unit cell is
trigonal, space group P31m, with a = 5.08, c = 9.4
A, but a smaller cell with a = 2.96 A was found to
satisfy the X-ray data equally well. The stoichiom-
etry was concluded to be “FeO(OH), modified by the
small crystal size and high surface water content to
a composition of between Fe,(OH):; and FesO3(OH),".

Cardile!?> attempted to resolve the question of
tetrahedral Fe®t in ferrihydrite by using high-resolu-
tion Mossbauer spectroscopy. However, little differ-
ence was found among the various models containing
different proportions of octahedral and tetrahedral
Fe®*, and Cardile concluded that Mdssbauer spectros-

copy could not differentiate with confidence the two
possible coordinations. In later work by Pankhurst
and Pollard,'?¢ who used low temperatures and high
applied fields, it was concluded that the Mdssbauer
spectra demonstrate an absence of tetrahedral Fe®".

Manceau et al.*?” concluded that inferences made
by Eggleton and Fitzpatrick!®® to support the exist-
ence of tetrahedral Fe in ferrihydrite were invalid.
For example, the observed transformation of ferri-
hydrite to maghemite on heating was cited by Egg-
leton and Fitzpatrick as indirect support for the
existence of tetrahedral Fe, but Manceau et al.
pointed out that ferrihydrite aged at moderate tem-
peratures (<100 °C) transforms to hematite rather
than maghemite, and that attempting to derive
structural information from the thermal behavior of
solids is a somewhat futile effort. Manceau et al.*?”
also criticized the quality of the X-ray absorption
spectra that had been obtained by Eggleton and
Fitzpatrick!?® as “...insufficient to allow any conclu-
sive finding; the interpretations had no firm physical
basis and thus must be regarded as speculative.”
Manceau et al. stated that the spectral resolution
required to analyze absorption edge spectra could be
achieved only by using synchrotron radiation; results
obtained by Manceau et al.*?” and Combes et al.1?8.129
indicated 4-fold-coordinated Fe to be absent in fer-
rihydrite. This last point was not discussed in the
response by Eggleton and Fitzpatrick,'3° who reiter-
ated that the low-temperature transition of ferrihy-
drite to maghemite supported their contention that
the structure of ferrihydrite contains tetrahedral
Fe3t.

Combes et al.*?° used X-ray absorption spectroscopy
to determine the local structure of ferric ions during
the formation of hematite from 2-line ferrihydrite at
92 °C. The results from EXAFS (extended X-ray
absorption fine-structure) are shown in Figure 2,
which is a plot of the radial distribution function
(RDF) against aging time. Crystal-structure changes
modify the position and relative intensity of the RDF
peaks (Figure 2). Analysis of the EXAFS data
indicates that the Fe—O distances slightly increase
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Figure 2. Partial RDF evolution as a function of aging
time during the transformation of ferric gel to hematite at
92 °C (FT = Fourier transform). Left peak (Fe—O) corre-
sponds to the oxygen shell surrounding the Fe atoms;
second and third peaks (Fe—Fe) correspond to the nearest
and next-nearest Fe atoms, on which a weak contribution
from the next-nearest oxygens is superimposed. Phase at
time 0 h is ferrihydrite, and that at 130 h is hematite. The
arrow points to effects from a transition phase, as discussed
in the text. (Diagram from ref 129.)

as aging proceeds, and after 25 h the distances are
similar to those in hematite. For the Fe—Fe shells
(Figure 2), the relevant RDF peaks increase with
aging (Figure 2). Between 1.5 and 6 h a small
shoulder appears on the first Fe—Fe peak (arrow in
Figure 2), which corresponds to a short Fe—Fe
distance (2.89 A) characteristic of face-sharing octa-
hedra. These octahedra coexist with octahedra linked
by edges (3.05 A) and vertexes (3.43 A), but the
presence of hematite is excluded. Thus, the material
at this stage is referred to by Combes et al.*?° as the
“transient phase”. With increased aging the appar-
ent number of Fe neighbors located at 2.89 A pro-
gressively increases to a maximum of 1, at about 4
h; after 6 h of aging the Fe—Fe distance increases
from 2.89 to 2.94 A, at which stage crystallites of
hematite (Fe—Fe = 2.95 A) are detectable by X-ray
diffraction. After 130 h, the structural parameters
determined by EXAFS are those of bulk hematite.
The nature of the “transient phase” and its relevance
to the structure of ferrihydrite are not known;
although the existence of the “transient phase” is
acknowledged by Manceau and Combes,*3! it does not
seem a topic of focus in the subsequent papers by
Manceau and colleagues concerning the structure of
ferrihydrite and, specifically, the transformation to
hematite.*?

The results of the above spectral study by Combes
et al.'?® were obtained from the examination of gel
which, although referred to in places as amorphous,
gave an X-ray pattern with broad peaks correspond-
ing to those of poorly crystalline 2-line ferrihydrite.
Subsequent EXAFS study of 6-line, as well as 2-line,
ferrihydrite was conducted by Manceau and Drits,**?
following which a new structural model for ferrihy-
drite was proposed by Drits et al.’?* In this model
ferrihydrite is a mixture of ferrihydrite proper and
ultradispersed hematite in which the coherent scat-
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Figure 3. Experimental XRD patterns for 6-line (a) and
2-line (b) ferrihydrite. Cu Ka radiation and d values for
peak heights in A. (After ref 121, partly redrawn.)

tering domains of the mixture have mean dimen-
sions of 20 A in diameter and 14 A in thickness; the
20 A plane corresponds to the crystallographic ab
plane, and the thickness is the ¢ direction.’®® The
approach used by Drits et al.*?! was, in its simplest
terms, to obtain matches between the measured
X-ray powder pattern and a calculated one, and
between the observed and calculated EXAFS data for
the Fe—(0O,0H) contributions to the spectra.

The X-ray patterns obtained by Drits et al.*?! for
6-line and 2-line ferrihydrite are shown in Figure 3.
The pattern for 6-line ferrihydrite actually contains
eight lines, and a comparable pattern obtained by
Childs® for a siliceous ferrihydrite that has better
resolution and nine lines is shown in Figure 4. Drits
et al.*?! noted that all X-ray patterns of ferrihydrite,
regardless the degree of “crystallinity”, have on the
low-angle side of the line at 2.5 A a diffuse intensity
(near 2.6 A) that results in an asymmetrical profile
for the 2.5-A line.

The simulated X-ray patterns for various previ-
ously proposed structure models are shown in Figure
5. The simulations assume that ferrihydrite consists
of coherent scattering domains that, for the Towe-
Bradley* and Harrison et al.!® models, are 60 A in
diameter in the ab plane, and 4, 5, or 6 unit-cells
thick (H=~38 Ato ~56 A). Itis evident from Figure
5 that the Towe-Bradley and Eggleton and Fitz-
patrick!?® structures do not provide a good agreement
with the X-ray pattern for ferrihydrite; as well, the
Harrison et al.'’® and Eggleton and Fitzpatrick!??
models do not match well the EXAFS data for Fe—
(O,0H) contributions to the spectra (Figure 6). Par-
ticularly noticeable in the simulated X-ray patterns
is the presence of prominent 001 diffraction lines
(Figure 5), but these are absent in the observed pat-
terns. For the EXAFS data, a conspicuous feature
is that the indicated Fe—(O,0H) bond lengths in ferri-
hydrite and hematite are similar (Figure 6c¢); these
lengths are characteristic of Fe in octahedral coordi-
nation. Thus, the Fe atoms in ferrihydrite can be
concluded to occupy only octahedral sites, as in
hematite.

To achieve a good match between the observed and
simulated X-ray patterns of 6-line ferrihydrite, Drits
et al.*?! concluded that a mixture consisting of three
components is responsible for the observed diffraction
effects: (i) defect-free ferrihydrite, (ii) defective fer-
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Figure 4. X-ray diffractograms of ferrihydrite: (a) “7-line”
synthetic siliceous ferrihydrite; (b) natural siliceous ferri-
hydrite,14° showing a small peak at 4.2 A for goethite; (c)
2-line natural ferrihydrite.®” Peaks are labeled in ang-
stroms. (After ref 8, slightly modified.)

rihydrite, and (iii) ultradispersed hematite. The
defect-free ferrihydrite consists of oxygens and hy-
droxyls in a close-packed arrangement in the pattern
AcBCADbCDbA..., where A and B are anion positions and
c represents Fe sites. The Fe atoms in the c and b
octahedral sites are distributed randomly, with a 50%
probability of occupying a particular site. The unit
cell is hexagonal, space group P31c, with a = 2.96
and ¢ =9.40 A. Coherent scattering domains are 60
A in diameter and contain 1—10 unit cells, each of
which occurs with the same probability. The result-
ing simulated X-ray pattern is shown in Figure 7a.
In this simulated pattern the strongest line, at 2.484
A, consists of overlapping 100 and 101 peaks whose
intensities are the reverse of those observed in
experimental patterns; to achieve the appropriate
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Figure 5. Comparison of XRD curves calculated for
different ferrihydrite models: (a) Towe and Bradley* model
with H = 45 A; (b) Harrison et al. model® with H = 45 A;
(c) Eggleton and Fitzpartick!2> model with H = 70 A; (d)
Eggleton and Fitzpatrick!23 model with H = 45 A; (e)
Eggleton and Fitzpatrick!2 model with H = 36 A. Cu Ka
radiation, with d values for peak heights in angstroms, and
hkl indices in italics. (After ref 133, with slight modifica-
tion.)

intensities, stacking faults are introduced and the
layer fragments AcBcA and AbCbA are assumed to
occur randomly and with equal probability. This
leads to the simulated pattern shown in Figure 7b.
Note that diffraction lines at >2.5 A are absent in
Figure 7b, and to account for the experimentally
observed lines at ~4.2 and ~3.3 A, Drits et al.12
assumed that the Fe atoms in each of the AcBcA and
AbCbA fragments can be ordered, thus leading to
superlattice reflections and a doubling of the A axis
to ~5.13 A.

To account for the asymmetrical appearance of the
ferrihydrite diffraction line at ~2.5 A (i.e., the less
steep slope on the low-angle side of the peak),
Eggleton and Fitzpatrick'®® assumed the constant
presence of 40% admixed 2-line ferrihydrite. In the
simulated X-ray diffraction profiles, however, Drits
et al.*?! found that the addition of 2-line ferrihydrite
did not remove the asymmetry. Because hematite
is the only iron oxide-oxyhydroxide known to have
its strongest peak at 2.6—2.7 A, as well as lacking
companion strong peaks at high d values (e.g., as for
lepidocrocite), it was thought by Drits et al.'?! that
the presence of ultradispersed hematite could account
for the asymmetry of the relevant peak in ferrihy-
drite. The simulated X-ray pattern that combines the
ferrihydrite components and hematite is shown in
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Figure 6. Experimental Fourier filtered Fe—(O,0H) contribution to EXAFS for 6-line ferrihydrite (solid line) compared
to (dotted lines): (a) the contribution calculated for Harrison et al.11® model; (b) calculated for Eggleton and Fitzpatrick!23
model; (c) the experimental contribution for hematite; (d) the contribution calculated for 1.4 oxygens at 1.86 A + 1.9 oxygens

at 1.95 A + 1.9 oxygens at 2.12 A. (After ref 133.)
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Figure 7. XRD patterns calculated for the ferrihydrite
model with (a) 3D ordered structure and (b) disordered
alternation of ABA and ACA fragments. (Slightly modified
from ref 132.)

Figure 8b. In summary, ferrihydrite was concluded
by Drits et al. 12! to consist of a defect-free component
with hexagonal unit-cell parameters a = 2.96, ¢ =
9.40 A, a defective component that has a hexagonal
supercell with a = 5.126 A, and ultradispersed
hematite whose coherent scattering domains have a
mean dimension of 10—20 A. The main difference
between 2-line and 6-line ferrihydrite is that the
2-line type consists of extremely small coherent
scattering domains (20—30 A).

Contemporaneous with, and independent of, the
study by Drits et al.,*?* St. Pierre et al.'** examined
ferrihydrite using EXAFS, and the structure was
investigated by Zhao et al.®” using EXAFS and
XANES (X-ray absorption near-edge structure) spec-
troscopy. St. Pierre et al. concluded that 2-line and
6-line ferrihydrite were similar, but the 2-line variety
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Figure 8. XRD curves for ferrihydrite: (a) calculated for
a mixture of the defect-free ferrihydrite having random Fe
distribution, and defective ferrihhydrite having ordered Fe
distribution within ABA and ACA fragments; (b) compari-
son of the experimental XRD curve (dotted line) with the
curve (solid line) calculated for the mixture of three
components, defect-free and defective ferrihydrite having
random and ordered Fe distribution plus ultradispersed
hematite. The peak at 3.24 A orginates from the defective
ferrihydrite structure, and was indexed by assuming a
periodicity along the Z axis of ¢/2 = 4.7 A. Cu Ko radiation,
with d values in angstroms, and hkl in italics. (Slightly
modified from ref 121.)

possessed a higher vacancy concentration. The re-
sults obtained by Zhao et al.®” indicated that as much
as 25% of the iron ions could be in tetrahedral
coordination, although only at the particle surface;
the bulk of the iron was concluded to have a structure
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Table 6. EXAFS Pre-edge Peak Areas for Ferrihydrite Samples and Model Compounds?®

sample preparation condition area (A) pre-edge (A = 0.01)
FesO4 (Mmagnetite) lab synthesized commercial catalyst 0.141
ferrihydrite | as-received 0.127

exposed to moist air 0.110
2-line ferrihydrite cake 0.091
oven-dried (50 °C) 0.116
2-line ferrihydrite freeze-dried 0.112
freeze- and vacuum-dried 0.137
6-line ferrihydrite freeze-dried 0.118
freeze- and vacuum-dried 0.122
siliceous ferrihydrite freeze- and vacuum-dried 0.122
vacuum-dried 0.119
aluminous ferrihydrite vacuum-dried 0.124
a-FeOOH (goethite) lab synthesized 0.077
a-Fe;03 (hematite) lab synthesized 0.074

a Modified from Zhao et al.%

similar to that for the octahedral oxyhydroxides. That
the lower coordination sites at the particle surface
were coordination-unsaturated was indicated by the
XANES results, which also showed that exposure of
dehydroxylated ferrihydrite to air increased the aver-
age coordination number because of adsorption of
water molecules from the air.

The nature of the coordination-unsaturated (CUS)
sites and their role in the transformation of ferrihy-
drite was elaborated upon by Zhao et al.®® In XAFS
spectroscopy, the “pre-edge” (preabsorption edge)
spectrum is sensitive to coordination symmetry (but
see also the discussion in ref 135). For iron atoms
with 6, 5, and 4 coordination, the ratio of the pre-
edge peak areas is 1:2:3; thus, the peak area in-
creases as the coordination decreases. Pre-edge
spectral peak areas examined by Zhao et al.®® were
found to be significantly higher for ferrihydrite than
for goethite and hematite (Table 6), but are fairly
close to that of magnetite (Table 6). In goethite and
hematite the iron is in octahedral coordination,
whereas in magnetite there are 67% octahedral sites
and 33% tetrahedral sites. Thus, Zhao et al.%
estimated, assuming that the increase in the pre-edge
peak area for ferrihydrite was due to tetrahedral sites
only, that their ferrihydrite samples had 20—30%
tetrahedral sites. Although the presence of these
lower coordination sites seems to contradict the
EXAFS results, from which it was concluded that the
iron in ferrihydrite is octahedrally coordinated, as in
goethite and lepidocrocite, the XANES spectra are
in essence a bulk measurement to which the surface
iron ions do not contribute significantly because they
have only one complete O/OH shell. Thus, the
different results for the “bulk” spectra and EXAFS
spectra indicate that, rather than being uniformly
distributed in the ferrihydrite structure, the lower
coordination (tetrahedral) sites are predominantly at
the ferrihydrite surface.

The above model, in which the “core” of the ferri-
hydrite particles consists of iron in octahedral coor-
dination whereas the surface has considerable iron
in tetrahedral coordination, helps to explain the
seemingly contrasting structural properties versus
the high adsorptive capacity and behavior of ferri-
hydrite. For the EXAFS pre-edge peaks, Zhao et al.%
observed a clear-cut relationship; namely, the drier

the sample of ferrihydrite, the larger the pre-edge
peak area. In other words, the drier the sample, the
lower the coordination at the ferrihydrite surface; i.e.,
some surface iron ions become coordination-unsatur-
ated as a result of dehydroxylation. This phenom-
enon possibly explained the conclusions by Manceau
et al.,*?” which were also based on EXAFS results,
that no tetrahedrally coordinated iron is present in
ferrihydrite. However, if the surface tetrahedral sites
are increasingly formed as ferrihydrite evolves from
a hydrogel state to an “anhydrous” state, then
observations on the extent of tetrahedral iron would
be highly dependent on the hydration state of the
sample examined. Shinoda et al.'*® examined both
freeze-dried ferrihydrite and the equivalent precipi-
tate in solution, and concluded that both have the
same basic structure of linked FeOg octahedra. In
solution, however, the number of linked units was
found to be only about 60% of that in the powder.

Determining how impurity ions are absorbed by
ferrihydrite, and how they affect its transformation,
were the principal objectives that led Zhao et al.% to
the eventual development of their structural model
for ferrihydrite. Detailed EXAFS results on the
surface chemistry of ferrihydrite were described by
Waychunas et al.,’3"1% Fuller et al.,”*° and Manceau'*!
for arsenate adsorption, by Waite et al.'*? for uranium
adsorption, and by Charlet and Manceau'*® for
chromium adsorption. The study by Waychunas et
al.’¥" led to the conclusion that the FeOg polyhedra
in ferrihydrite must be slightly different than those
in goethite, but that the Fe—O bond lengths in
ferrihydrite are closer to those of goethite than to
those in lepidocrocite or akaganéite. For the Fe—Fe
interatomic distances, however, lengths in ferrihy-
drite are similar to those in akaganéite. Thus, the
structure of ferrihydrite was considered to consist of
octahedral chains in which the Fe®* octahedra are
joined by sharing edges, forming short double chains.
Independently of the work by Waychunas et al.,*3"
the distances between Fe—Fe nearest-neighbor pairs
also led Shinoda et al.*3¢ to eliminate the possibility
of face sharing or single corner sharing of the FeOg
octahedra. Shinoda et al. 13 concluded that the octa-
hedra are linked by edge and double corner sharing.

As ferrihydrite aged, Waychunas et al.**" noted
from the Fe—Fe correlations that the numbers of Fe
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goethite nucleus with adsorbed bidentate
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Figure 9. Model ferrihydrite structures. Schematic draw-
ings of various octahedral chain models showing corner-
sharing linkages between chains: (a) di-, tri-, and tetra-
octahedral chains; (b) dioctahedral chains with one cross-
linkage; (c) four dioctahedral chains each with two cross-
linkages; (d) schematic drawing of the goethite structure
(projected on 001); and (e) perspective drawing of a small
unit of goethite structure with adsorbed bidentate arsenate
on the groove surface. (From ref 137.)

neighbors increased; that is, Fe—O—Fe polymeriza-
tion increased. Two Fe—Fe distances (3.04 and 3.45
A) correlate with along-chain Fe—Fe neighbors (3.04
A) and across-chain and interchain neighbors (3.45
A). These values do not fit well with single-edge-
sharing octahedral chains (Figure 9a), with diocta-
hedral chains, or with chains of trioctahedral or
larger widths (Figure 9a). The data do, however, fit
with an arrangement that involves cross-linked di-
octahedral chains in a structure similar to that of
goethite or akaganéite. In “young” ferrihydrite,
therefore, only short, uncoupled chains joined by
sharing edges are present, and interchain linkage is
either absent or severely disordered. With aging,
however, the chains lengthen, dioctahedral chains
become more abundant, and these link to other
chains by sharing corners to form a cross-linked
structure (Figure 10). These increases in chain
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Figure 10. Schematic representation of the 2-line ferri-
hydrite structure. Top drawing shows plan view of linkages
of iron octahedra to form short segments of dioctahedral
chain. Bottom figure shows possible cross-linkages of
dioctahedral chains. (After ref 145.)

length and in the amount of corner sharing of
dioctahedral chains represent crystallite growth, a
process which reduces the surface area and number
of available adsorption sites.

A new structural model of ferrihydrite was pro-
posed by Spadini et al.'** In this structure, which
was derived largely from the results of EXAFS
spectroscopy, the fundamental units consist of mi-
crodomains of goethite. As noted above, however,
Waychunas et al.*®” concluded that the FeOg polyhe-
dra in ferrihydrite must be systematically different
from those in goethite, and thus this structure
remains to be proved. Likewise, it remains to be
proved that the structure of 2-line ferrihydrite is
strictly analogous to that of its better crystallized
counterparts.

Although none of the contemporary models for a
ferrihydrite structure is incontrovertible, significant
progress has been made. First, there seems to be
universal agreement that “amorphous iron hydrox-
ide” is not amorphous. Usually there is at least a
low degree of crystallinity detectable even by X-ray
diffractometry. Crystallinity is nearly always evident
in electron-diffraction patterns, or is detectable by
spectroscopic methods. Nevertheless, amorphous
iron hydroxide continues to be in widespread use in
the literature as a term of convenience, commonly
synonymous with 2-line ferrihydrite and commonly
indicated as such.

Second, there seems to be universal agreement that
the fundamental structure unit within ferrihydrite
is the Fe(O,0H)s octahedron, and over the past five
years a consensus seems to have emerged that the
structure of ferrihydrite, although different from that
of goethite, is generically of the goethite type rather
than something radically different. General agree-
ment on the nature of the specific atomic arrange-
ments has not yet been attained, but it is likely that
a widely accepted model will emerge soon. This
prognostication can be made, with some assurance
of fulfillment, because the recent EXAFS and XANES
results have provided not only a foundation from
which refinements can be undertaken, but also the
impetus to seek a definitive structure. These refine-
ments may involve supplementary EXAFS and
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XANES investigations, especially on relatively well-
crystallized, aged ferrihydrite, or they may involve
the use of corroborating techniques such as detailed
infrared spectroscopy.

Several other advances have been made in under-
standing ferrihydrite better. One in particular that
merits mention with respect to structure is the
recognition that ferrihydrite has, in essence, two
structural aspects, one of which is the bulk or core
structure, and the other pertains to the surface. The
two are of course interlinked, for it is the lack of long-
range order of the bulk structure that leads to the
prominence of the surface structure. Nevertheless,
this concept of duality is the crux of the structural
model proposed by Zhao et al.?® A similar, although
less direct, distinction was made by Rea et al.,'*> who
used Fe isotopic exchange to demonstrate that there
are at least two types of iron sites in ferrihydrite. One
of these, referred to as labile sites, rapidly ap-
proached equilibrium upon isotopic exchange of Fe,
whereas the nonlabile population of sites exhibited
a much slower rate of isotopic exchange. Although
Rea et al.’*> assumed all iron to be in octahedral
coordination, Mdssbauer spectroscopy showed that
the labile and nonlabile sites were different. The
labile sites were interpreted to be the most distorted
sites, thereby facilitating isotope exchange because
of the weaker binding. Rea et al. concluded that

...it is reasonable to propose that the labile and
nonlabile site populations can be assigned to
locations within the structure with lesser and
greater than average Fe—Fe octahedral coordi-
nation, respectively. The sites with lower coor-
dination would presumably be on the ends of
dioctahedral chains, whereas sites with greater
Fe—Fe coordination would be located in the
center of chains and perhaps at locations char-
acterized by a high degree of chain cross-linking.

It is worth noting in the preceding excerpt that the
labile sites are assigned to sites “...with lesser...than
average Fe—Fe octahedral coordination”. Although
tetrahedral coordination is not mentioned, the gen-
eral concept could be construed as having similarities
to the CUS model proposed by Zhao et al.% in terms
of adsorption response. Judging from the amount of
published discussion that has been generated since
the appearance of the paper by Waychunas et al.,*¥"
it seems highly likely that confirmation, refutation,
or further debate about the CUS model and tetrahe-
dral Fe in ferrihydrite will appear in the literature
soon. In this regard, Waychunas et al.'® already
have stated that they were unable to confirm the
existence of CUS sites in the (arsenic-bearing) system
of their investigation. Although, Waychunas et al.*3°
did not dismiss the CUS model, Manceau and Gates'*®
reexamined the spectral results of Zhao et al.®¢ and
concluded that the suggested presence of 20—30%
tetrahedral sites in ferrihydrite is excessive.

V. Chemical Composition

Chemical analyses are almost always a key crite-
rion in establishing the general formula of a mineral,
even if the precise crystal structure is not known. A
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good example is the clay minerals, most of which can
be well-defined despite their small particle size and
complex formulas. Ferrihydrite is much simpler in
composition than are the clay minerals, but no single
formula is widely accepted. Table 1 shows the com-
position as FesHOg-4H,0, which is from Towe and
Bradley,* but Schwertmann and Cornell*® addition-
aIIy list 5Fe,03-9H,0, Fee(O4H3)3, and Fe,0O3:2FeO0OH
2.6H,0 as alternatives. The last two formulas are
from Chukhrov et al.’° and Russell,*?? respectively,
and to these can be added Fe,s5(O,0H,H,0):2, which
is a generalization of the two formulas given by
Eggleton and Fitzpatrick.'?® The variation is re-
markable when it is considered that ferrihydrite is
easily synthesized in the laboratory. The problem,
however, is that it has not been possible to put tight
limits on the water content of the mineral by labora-
tory measurements, which give variable results, and
the formula cannot be constrained as yet on the basis
of a known crystal structure.

A few analyses reported for natural ferrihydrite are
listed in Table 7. Silica is abundant in most analyses,
but its nonessential character is suggested by the
wide variation in percentages, and is proved by silica-
free syntheses in the laboratory. The syntheses
indicate that only Fe, O, and H are necessary, and
Russell'*? has shown that an appreciable portion of
the H is present as OH. In light of the more recent
structural information that indicates a goethite-like
structure for ferrihydrite, it seems inappropriate to
write a component of the formula as Fe,O3 unless the
intention is to focus on the hematitic fraction that
Drits et al.*?! have concluded to be present within
ferrihydrite. If hematite is indeed present in the
major amounts suggested by Drits et al.,'?* then
analyses of bulk samples are not particularly mean-
ingful.

Eggleton and Fitzpatrick!?® reported that bulk com-
positions of ferrihydrite prepared from ferric nitrate
solutions are Fe4(O,0H,H;0), for the 2-line variety,
and Fe;s(0,0H,H,0);, for the 6-line type. For the
first of these formulas the Fe:“O” ratio is 1:3, and for
the second it is 1:2.6. In the FeO(OH) structure type,
the ratio is 1:2. Dehydroxylation of surface sites in
6-line ferrihydrite would further move the 1:2.6 ratio
toward the 1:2 ratio; thus Fe,;6(O,0H,H,0):, — Fes-
(0,0H,HZO)lz, or FeGOe(OH,Hzo)e = nFeO(OH,HZO).
As in all preceding proposals, there is no proof that
such a formulation is correct. Nevertheless, it is
interesting to note that the addition of various
adsorbates, such as Si,'*¢ Ge,*” and Mo, can sub-
stantially increase the temperature at which ferri-
hydrite transforms to hematite (Table 8). The same
effect has been noted for natural siliceous ferrihy-
drite, and conversion to hematite has been reported
to be arrested to temperatures exceeding 700 °C.148
Conversion temperatures investigated by Childs et
al.’* for Si- and Ge-bearing samples have shown that
the ferrihydrite structure can be maintained when
<3 wt % of the total hydroxyl weight loss remains.
Thus, in the formula 2FeO(OH,H;0),, one can as-
sume losses such that 2FeO(OH,H,0), — n2FeO-
(OH,0)n. With further losses of all the hydroxyl, the
formula becomes 2FeO(Op 50 5), which is equivalent
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Table 7. Chemical Compositions of Natural Ferrihydrite

wt % 12 22 32 42 52 6° 7" 8¢
Fe;03 62.97 57.35 58.60 54.38 63.03 78.71 42.36 70.93
FeO 3.63 0.41 2.20 2.16 0.67

MnO - 0.06 0.14 0.06 0.15 - 0.22

MgO tr 0.54 0.30 0.42 0.11 0.14 0.43 0.17
CaO tr 4.00 1.00 2.43 1.06 0.38 1.65 0.84
Na,O - - - - 0.24 - 0.99

SiO; 5.60 5.00 6.42 4.66 6.00 10.49 31.54 13.05
Al;Os 1.00 1.25 0.66 tr 3.00 0.05 9.64 <0.1
TiOz - - - - 0.66 0.10 1.33

H,O" 14.14 9.16 10.03 13.73 4.23 8.58 11.23 12.7
H,O~ 11.00 22.46 20.53 15.00 18.13 20.82 19.50 23.0
Cl 0.00 tr tr 0.13 -

SO3 1.37 0.00 0.00 0.00 0.36

P20s - - - 7.21 -

CO; - - - - 2.14

C - - - - 0.09 0.8
O=cCl - - - 0.03 -

total 99.70 100.23 99.88 100.21 99.87 98.45 99.40

a Analyses 1-5 from Chukhrov et al.l® for ferrihydrite from cold springs. Na,O includes K,O. Five additional analyses are
reported for ferrihydrite deposited from thermal waters. ® Analyses 6 and 7 from Henmi et al.*° for the most Si-rich and Si-poor
of four analyses listed for oven-dried (105 °C) material; H,O~ based on air-dry weight, Mn as MnO,, Na;O value includes K,O
0.18. ¢ Analysis 8 from Childs et al.,’” one of four listed as elements (converted here to oxides, except for C); also reported, 0.1 wt

% N.

Table 8. Approximate Temperatures of the Thermal
Transformation of Ferrihydrite Having Different
Si/Fe Molar Ratios to Hematite!4®

Si/Fe molar ratio T(°C)
0.0 300
0.01 400
0.05 500
0.10 600
0.25 800
0.50 a
0.75 b

aVery poorly crystalline hematite, 800 °C. ® No transforma-
tion product was observed at 800 °C.

to Fe;0O,(0,0). One could assume, therefore, that the
presence of hydroxyl is essential for maintaining the
ferrihydrite structure, and as hydroxyl is lost, vacan-
cies must be created to maintain the charge balance.
As these vacancies increase, the structure becomes
increasingly destabilized, so that at some small value
of hydroxyl there is conversion to hematite.

The preceding scenario is in accord with most
published opinions concerning the transformation of
ferrihydrite on aging. The consensus, until recently,
was that the conversion of ferrihydrite to goethite in-
volves a solution—reprecipitation mechanism, where-
as the conversion to hematite may be direct. In light
of recent structural information, however, it is gener-
ally conceded that the magnitude of the required
structure reorganization to hematite is too great to
be accomplished by direct transformation.

VI. Identification Techniques for Ferrihydrite

A. X-ray Diffraction Determinative Methods

The X-ray patterns of “2-line” and “7-line” ferrihy-
drite are shown in Figure 4. All of the lines are
indexable in accordance with the structural scheme
proposed by Drits et al.;*?? viz., the first two lines in
the best-crystallized sample correspond to the super-
cell reflections. The split peak at 2.54 and 2.46 A,

which is not usually resolved, corresponds to two
indices in the main unit cell. The asymmetry to the
left of the peak at 2.54 A is the position for admixed
hematite.

X-ray patterns for the chemically similar com-
pounds ferrihydrite, feroxyhyte, and schwertmann-
ite!®0-153 gre shown in Figure 11. The distinction
between the three may be difficult when the crystal-
linity is poor (Figure 12). The diffraction line at ~2.0
A is reported to be characteristic for ferrihydrite,°
supposedly distinguishing it from poorly crystalline
feroxyhyte.’> The appearance of a diffraction line
at 4.8—5.0 A seems to be a good indication of the
presence of schwertmannite. Childs® has pointed out
that ferrihydrite, having four or fewer X-ray lines,
may not be distinguishable from feroxyhyte or some
other poorly crystalline iron oxide, and Farmer!®® has
cautioned that 2-line ferrihydrite could be easily
confused with hisingerite, an iron silicate that also
occurs in soils. Childs,® however, noted that the 2 A
peak of ferrihydrite is relatively weak and broad, and
typically is seen only for samples that also show the
lines at 2.5, 1.7, and 1.5 A. Manceau et al.’>® con-
cluded that, even in their most disordered states, fer-
rihydrite and hisingerite have X-ray diffractograms
that are sufficiently distinct to prevent confusion.

The use of n-line terminology seems to be some-
what generalized, and in the literature it seems to
be common to refer to poorly crystalline ferrihydrite
as 2-line, whereas material showing better crystal-
linity is typically categorized as 6-line ferrihydrite
regardless of the actual number of lines observable.
This informality can be criticized as being misleading
to those unfamiliar with the nuances of ferrihydrite
types, but it is defensible on the grounds that the
number of lines recorded is subject to interpretation
and to the resolving power of the equipment used in
the X-ray recording. As long as the 2-line, 6-line, or
n-line nomenclature is used informally, to designate
a variety of ferrihydrite, arguments about the validity
of the nomenclature are viewed here as unproductive.
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Figure 11. X-ray diffractograms for feroxyhyte, schwert-
mannite, and ferrihydrite. (Compiled and slightly modified
from Schwertmann and Cornell;13 note that the scale from
40° to 20° is compressed in the patterns for ferrihydrite.)

The use of protoferrihydrite, however, is misuse of a
mineral name, is contrary to the rules of mineral
nomenclature, and is not to be condoned.

B. Infrared Spectrum

The infrared spectrum of Towe and Bradley's*
synthetic ferrihydrite is shown in Figure 13. The
absorption bands at 3450 and 1620 cm™! were as-
signed to molecular water, and the absence of bands
in the 3600—3700 and 800—850 cm™! regions was
interpreted to indicate an absence of hydroxyl. This
interpretation was supported by Chukhrov et al.’®
and Schwertmann and Fischer.” For natural ferri-
hydrite, Chukhrov et al.1° also noted an additional
band in the region 930—1020 cm™!; absorption in-
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Figure 12. X-ray diffraction diagrams of goethite, ferri-
hydrite and schwertmannite from acid-drainage environ-
ments. Marked foreign mineral admixtures are jarosite (js),
goethite (gt), and schwertmannite (sch); scale bars cor-

respond to 400 counts per second. (Slightly modified after
ref 153.)
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Figure 13. Infrared absorption spectrum of synthetic
ferrihydrite. (Adapted from ref 4.)

creased in intensity as the silica content increased,
and thus this band was ascribed to silica gel. The
same band was later noted by Schwertmann and
Thalman?®” and Carlson and Schwertmann331%8 to
shift with increasing Si content (Figure 14) and was
interpreted to result from Fe—O-—Si interactions in
the ferrihydrite structure.

Russell*?? synthesized 5-line ferrihydrite and de-
termined its infrared spectrum to be similar to that
obtained by Towe and Bradley.* Upon evacuation,
however, absorption bands were evident at 3615 and
3430 cm™1, and were attributed to surface OH and
structural OH, respectively. On treatment with D,0,
the OH groups were readily converted to OD groups.
Comparison with other iron oxyhydroxides, especially
akaganeéite, led Russell*?? to suggest that the con-
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Figure 14. Infrared spectra of ferrihydrite, showing the
effects of increasing amounts of silicon. (Adapted from ref
158.)

centration of OH in ferrihydrite may be a third to
half that of FeOOH. Thus, if FeOOH is written as
Fe,03-H,0, Russell suggested that the nominal for-
mula of Towe and Bradley* for ferrihydrite could be
rewritten as Fe;03-2FeOOH-2.6H,0.

C. Mussbauer Spectroscopy

Natural and synthesized ferrihydrite and the cores
of ferritin give identical Mdéssbauer spectra. Murad
and Schwertmann?®®® determined the spectra of natu-
ral ferrihydrite using ochreous precipitates from the
type locality in Kazakhstan, from Hanover, Germany,
and from three localities in Finland. The X-ray
diffraction patterns of the samples varied from 2-line
to 6-line ferrihydrite, and a similar range in X-ray
diffraction properties was obtained from a series of
synthetic ferrihydrites that had been prepared using
three different methods of synthesis.

At room temperature (291 K) and at 130 K the
Mossbauer spectra showed only a paramagnetic
doublet, but at 4.2 K all spectra were completely split
magnetically and appeared as sextets. The room-
temperature doublet required fitting with at least two
Lorentzian doublets with isomer shifts of 0.34 and
0.35 mm/s, and quadrupole splittings of 0.45 and 0.89
mm/s. The 4.2 K sextet could be fitted by three
sextets, with identical isomer shifts for all sextets and
slightly different quadrupole settings. Maximum
absorption in the 4.2 K spectrum occurred near 500
kOe. Murad and Schwertmann®® concluded that the
Mdossbauer results should not be taken as proof for
the existence of discretely different iron sites in the
ferrihydrite structure; rather, “the [broad] hyperfine
field distributions of the magnetically split spectra...
indicate continuous variations of parameters, and
therefore of environments of the iron nuclei”.
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The general features of the Mdssbauer spectrum
of ferrihydrite were reviewed by Murad,%61 and in-
terpretations of specific aspects of the spectra of syn-
thetic ferrihydrite and corrosion-derived ferrihydrite
were given by Chadwick et al.,’®> Madsen et al.,'63
Arshed et al.,’®* and Cianchi et al.16>166 Pollard et
al.’®” provided a comparison of the spectra of goethite,
lepidocrocite, akaganéite, and 2-line and 6-line fer-
rihydrite at low temperatures and in the presence of
applied magnetic fields. Wide hyperfine field distri-
butions (half widths about 60 kOe) and low quadru-
pole splittings (<0.1 mm/s) were found to be indica-
tive of ferrihydrite, though higher quadrupole splitting
values (to 0.9 mm/s) are commonly reported.®?

Chadwick et al.1%81%° synthesized ferrihydrite and
Al-substituted ferrihydrite by rapid evaporation of
concentrated ferric nitrate solutions. In the final
stage, the evaporated solution was heated in an open
oven for 2 h at 250 or 500 °C. Aluminum-substituted
samples were prepared by starting from a mixed Al—
Fe nitrate solution, and Al substitutions of 8—92%
were claimed. Chadwick et al. reported that their
Fe phase gave two very broad X-ray diffraction lines
at 2.7 and 1. 5 A, “...characteristic of ferrihydrite”.
It is interesting to note that the X-ray line at 2.7 A,
which is the strongest line for hematite, corresponds
to that at 2.4—2.5 A in “standard” 2-line ferrihydrite,
but similar shifts in d values have been recorded by
Murad'’® and Carlson and Schwertmann.>® The
products synthesized by Chadwick et al.t68:1%% were
reported to be brown and to give at 4.2 K a broad
6-line magnetically ordered Madssbauer spectrum
with hyperfine parameters: isomer shift (relative to
iron metal) = 0.47 mm/s, quadrupole splitting ~ 0.0
mm/s, and hyperfine field = 49 T.

The influence of the degree of crystallinity on the
Mossbauer spectrum of ferrihydrite was reported by
Murad,'”* Murad and Schwertmann,’? and Murad
et al.'”™ Unlike well-crystallized Fe oxides, no abrupt
onset of magnetic order at a well-defined temperature
occurs for ferrrihydrite; rather, the superparamag-
netic and magnetically ordered components coexist
over a wide temperature range.'®® Natural ferrihy-
drite is superparamagnetic at room temperature, and
may remain so to temperatures as low as 23 K. Some
well-crystallized samples, however, show partial
magnetic order at 77 K, and at 4.2 K all ferrihydrite
is completely magnetically ordered. According to
Murad,*”* the average quadrupole splitting for para-
magnetic ferrihydrite varies from about 0.7 to 0.85
mm/s, whereas for most Fe(lll) oxides it is in the
range 0.5—0.6 mm/s. Half-widths and maxima of
guadrupole-split doublets shift to higher values as
the grain size/crystallinity decrease. Murad*"* noted
that poorly crystalline “siliceous” ferrihydrite in soils
that were developed from recent basalts gave Moss-
bauer parameters similar, in the paramagnetic state,
to those of well-crystallized ferrihydrite; there is,
however, an indication that the so-called well-
crystallized ferrihydrite may have been schwert-
mannite rather than ferrihydrite.”

Pankhurst and Pollard??® examined the spectra of
synthetic 2-line and 6-line ferrihydrite at 4.2 K in
applied fields of up to 9 T. The 2-line ferrihydrite



Occurrence and Constitution of Ferrihydrite

400
300
L]
o
‘g 200 | .
=8
3 . AR
'é 100 .
\d
50
1 1 1 1
50 100 W 200 300 400
Fe (Ox), umol/g

Figure 15. EDTA-extractable iron plotted against oxalate-
extractable iron for 45 soil samples. Oxalate-extractable
iron is the amount of iron extracted during 2 h shaking
with 0.2 M oxalate, pH 3, in the dark, and EDTA extraction
periods were 3—7 months. (After ref 174.)

was found to be ferrimagnetic, whereas the 6-line
ferrihydrite was antiferromagnetic. The different
magnetic states were concluded to exist simply
because of random fluctuations arising from the
small numbers of ferric ions per particle. Although
Pankhurst and Pollard concluded that the iron in
ferrihydrite is exclusively octahedrally coordinated,
this conclusion was questioned by Zhao et al.,*® who
pointed out that small particle sizes affect the Mdss-
bauer spectra in such a way that the possibility of
tetrahedral sites in ferrihydrite cannot be excluded.

D. Differential Dissolution

Differential dissolution is a method widely used to
determine the identity of iron oxides in soils.*”* For
complete dissolution of all iron oxides, without dis-
tinction, the dithionite—bicarbonate—citrate treat-
ment of Mehra and Jackson'’® is generally employed.
For selective dissolution of poorly crystalline iron
oxides (i.e., ferrihydride or “amorphous” phases),
extraction by Schwertmann’s ammonium oxalate
treatment'’® is used almost universally. Maghemite
can be preferentially dissolved by 0.2 M oxalic acid.®®
Ferrihydrite is readily soluble in ammonium oxalate
at pH 3,17 whereas goethite and hematite are much
more resistant (goethite ~ hematite < lepidocrocite).
Thus, after a 2-h treatment with ammonium oxalate,
and provided that sources of Fe?* such as siderite are
absent, the proportion of ammonium oxalate-extract-
able Fe to dithionite-extractable Fe (FeJ/Fey) is
generally taken to represent the proportion of ferri-
hydrite versus “crystalline” (hematite-goethite) iron
oxides. A multiplier of 1.7 is generally used to
convert Fe, values to ferrihydrite concentrations on
the assumption that oxalate dissolves only ferrihy-
drite and that dissolution is complete.® An awkward
aspect of the oxalate treatment is that the solution
is light-sensitive; thus, extractions must be done in
darkness, or the solution receptacles must be wrapped
in a light barrier such as aluminum foil.

Potassium or sodium pyrophosphate solutions have
been used for many years for determining organic-
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Figure 16. Differential thermal curve of ferric nitrate
hydrolyzate run in static nitrogen atmosphere at 10 °C/
min. Sample weight approximately 20 mg. (From ref 4.)
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Figure 17. DTA curves of goethite, and natural (1—4) and
synthetic ferrihydrite. (Modified after ref 10.)

complexed Fe in soils. The technique, which gener-
ally involves shaking the soil in a 0.1 M pyrophos-
phate solution at pH 10 for 16 h, is considered
inaccurate because of the presence of suspended
material in the extracts, and because the relationship
to organic complexing is uncertain. Modifications or
alternatives to the pyrophosphate and ammonium
oxalate treatments have been proposed,’’®17® but
have not been adopted widely. Recent refinements
to the ammonium oxalate treatment have mainly
involved the duration of the treatment or X-ray
diffraction monitoring to determine coincident dis-
solution of the Fe oxides.68180.181 X-ray monitoring
is particularly useful for soils that may contain
magnetite, which also is soluble in oxalate.'®2183 The
use of ammonium oxalate and EDTA, and the effects
of adsorbed anions such as phosphate, were discussed
by Borggaard;'84185 the EDTA reagent, however,
requires 3—7 months for extraction. For this reason,
and because comparative tests on soils indicate that
the amounts of Fe extractable by oxalate and by
EDTA are similar (Figure 15), EDTA seems not to
be used extensively.

E. Thermogravimetric and Differential Thermal
Analyses

Thermogravimetric (TG) analysis of synthetic 6-line
ferrihydrite was found by Saleh and Jones'®® to give
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Figure 18. Differential thermal analysis curve (thin line),
thermogravimetric curve (thick line), and thermal products
(bottom) for 2-line and 6-line ferrihydrite: Fh, ferrihydrite,
Mh, maghemite, Hm, hematite. (After ref 123.)

a weight loss of 22.4%. For synthetic 2-line and
6-line ferrihydrites, Eggleton and Fitzpatrick!?® ob-
tained smooth and continuous weight losses of 19.65
and 25 wt %, respectively.
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Differential thermal analysis (DTA) of pure syn-
thetic ferrihydrite was reported by Towe and Brad-
ley* and Chukhrov et al.° to give a low-temperature
endotherm corresponding to the expulsion of water,
and a moderately strong exothermic peak at 300—
400 °C, the latter thought to mark the conversion to
hematite or the recrystallization of hematite. Two
additional but small exothermic peaks, one at about
225 °C and the other at about 275 °C, are evident in
the DTA curve shown by Towe and Bradley (Figure
16). Chukhrov et al.*® showed five DTA curves for
natural and synthetic ferrihydrite; some of the curves
for the natural material do not show a pronounced
exothermic effect (Figure 17), but the reason for the
difference was not discussed. However, silica-bearing
synthetic ferrihydrite is known to give only a broad,
weak exotherm at about 700 °C, thus suggesting that
the natural samples examined by Chukhrov et al.1®
were siliceous ferrihydrites (only two of the four
samples for which DTA curves are illustrated in
Figure 17 were chemically analyzed, but both contain
~6 wt % SiO,). Carlson and Schwertmann'®® sug-
gested that the appearance of the high-temperature
(~700 °C) exotherm indicated the presence of Si—
Fe—O bonds; i.e., the incorporation of Si into the
ferrihydrite structure.

Eggleton and Fitzpatrick'®® obtained two well-
defined exothermic peaks in their DTA curves for
unsubstituted ferrihydrites (Figure 18). Material
heated to 310 °C was found to be ferrimagnetic, and

(b)
Hm + Mh
Hm
Hm Hm
Hm
Hm
Mh
Mh
Hm +Mh (C)
\J Mh
| — 1 1 1 4 L 1 |
80 70 60 SO 40 K] 20 10
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Figure 19. X-ray powder diffraction traces for 6-line ferrihydrite: (a) unheated, (b) heated to 310 °C, and (c) heated to
400 °C. Abbreviations: Fh, ferrihydrite; Hm, hematite; Mh, maghemite. (Slightly modified from ref 15.)
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Figure 20. Schematic representation of formation and transformation pathways of common iron oxides, together with
the approximate transformation conditions. (Slightly modified from ref 13.)

the X-ray diffraction patterns showed changes that
were interpreted to correspond to a partial conversion
to maghemite (Figure 19). At 400 °C the X-ray pat-
terns contained relatively sharp peaks for maghemite
and hematite, but at 500, 600, and 1000 °C only
hematite was detectable. Thus, on the DTA pattern
the exotherm at 350 °C, which occurs just as the last
2% of the water is lost from the sample, and which
was interpreted by Schwertmann?®’ to be due to the
crystallization of hematite, was attributed by Egg-
leton and Fitzpatrick'?® to be largely the result of the
growth of maghemite; the smaller exotherm at 482
°C was interpreted by Eggleton and Fitzpartick to
result from the conversion of maghemite to hematite.
In recent experiments by Campbell et al.,'88 however,
only hematite was detected even where two exother-
mic peaks were present; magnetite—maghemite
formed during heating only when a carbon reductant
was present.

The occurrence of exothermic peaks at about 300
and 400 °C has in some cases been used as an
indication of the presence of ferrihydrite in soils.105!
The absence of these peaks in siliceous ferrrihydrite
indicates that DTA alone is not a reliable detection
method for ferrihydrite in soils.t5818°

VII. Synthesis

Rapid hydrolysis of Fe(lll) solutions commonly
leads to the formation of ferrihydrite. Brief heating
of the solutions to about 80 °C typically produces
6-line ferrihydrite, whereas the 2-line variety is
produced at ambient temperatures by the addition
of alkali to raise the pH to about 7. Descriptions of
the ferrihydrite products, and explicit procedures for
their synthesis from Fe(NO3)3-9H,0 solutions using
both of the above techniques, are given by Schwert-
mann and Cornell.*® Schwertmann and Cornell*®
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Figure 21. Schematic representation of stability domains
for hematite, akaganéite, goethite, and associated hydrous
oxides formed by the hydrolysis of an Fe(ll1) solution at
room temperature. Bold text indicates well-crystallized
minerals; plain text, local structure of their corresponding
poorly crystallized phases (when existing). (Adapted from
ref 133))

noted that the length of time of hydrolysis is critical,
and that goethite and hematite will form if the
hydrolysis time is extended. Figure 20 is a schematic
representation of the proposed pathways that lead
to the formation of the various iron oxyhydroxides;
earlier versions were presented by Schwertmann and
Taylor®® and Murray,*¢ and the hydrolysis of Fe(l11)
to form polynuclear species was reviewed in detail
by Cornell et al.»® Ferrihydrite has been obtained
both by oxidizing Fe(ll) solutions and by precipitation
from Fe(l11) solutions containing a variety of anions
(chloride, perchlorate, sulfate, nitrate). For nitrate
solutions at 60 °C, Subrt et al.**! determined that
ferrihydrite samples prepared in an approximately
neutral medium are less crystalline than those
prepared in either the acidic or alkaline regions. That
the formation of different ferrihydrite products, such
as the 2-line versus 6-line varieties, is related to the
conditions of synthesis is not unexpected. Different
starting materials or slight variations in conditions
within the stability field of a precipitate are well-
known to affect the physical properties of the product,
especially the morphology, and for the iron oxides/
oxyhydroxides the latter has been a topic within, or
the focus of, numerous studies.118:192-198

Figure 21 represents the general stability fields of
the various iron oxides/oxyhydroxides as outlined by
Manceau and Drits.'® Ferrihydrite and hematite are
within the same stability field, whereas that of
goethite is at higher and lower pH. Thus, the strong
influence of solution pH is readily evident, as has also
been reported by Zinck and Dutrizac.'®® In the low-
pH field, akaganéite will form only in the presence
of chloride solutions. Although Post and Buchwald!?
concluded that chlorine may be an essential constitu-
ent in akaganéite, which therefore would not be a
polymorph of FeOOH and would be purged from the
diagram,?% this issue has not been resolved.? The
formation of ferrihydrite and hematite in the same
pH field is thought by Manceau and Drits'¥® to
provide an explanation of why ultradispersed hema-
tite might coexist with ferrihydrite proper.

In summary, 2-line ferrihydrite is prepared by the
rapid oxidation of Fe(ll) solutions, or by the rapid
neutralization of Fe(l11) solutions. The 6-line variety
of ferrihydrite forms by hydrolysis of Fe(l11) solutions,
typically at elevated temperatures and low pH.
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Precipitation is initially accompanied by a rapid pH
change, which slows after the first hour, and aging
for 2—4 h is necessary to stabilize the suspensions.

VIIl. Adsorption and Solid Solution

A. General Observations

In contrast to goethite and hematite, in which at
least partial solid solution of several metals has been
unequivocally demonstrated,?°>-2%8 it has not been
shown that corresponding substitutions occur in
ferrihydrite. That ferrihydrite would be completely
devoid of substitutions is improbable, but the poor
X-ray diffracting properties of the mineral, and the
related uncertainties about the interpretation of the
X-ray data even when adsorbed species are absent,
seem to have deterred claims about observed solid
solution, other than for Cr**® and tellurate.?®® Thus,
adsorption on ferrihydrite is employed as an expla-
nation for the intimate association and behavior of
various ions and molecules, although in some cases,
the foreign species may be present in double-digit
percentages (e.g., 35% Si?!%). For dissolved anions
of equal charge and similar geometry, Harrison and
Berkheiser?® reported that, in general, suspension
pH determines the adsorption capacity.

The adsorption of any species is directly dependent
on the particle size or surface area of the adsorbing
substrate. The particle sizes of ferrihydrite and other
fine-grained minerals can be determined by measur-
ing the ratio of the height and width of X-ray peaks;
the premise is that the wider the peak relative to its
height, the finer the grain size. Broad peaks are
typical for ferrihydrite, and the particle size of the
aggregates is reported to be generally 30-100 A.99.170
Murphy et al.’? found the sizes to be 15—40 A in the
intial stages of polymerization, and Waychunas et
al.’%7 suggested crystallite coherence lengths in the
range 8—15 A. Ferrihydrite thus has a high surface
area, and values of 200—350 m?/g seem to be typical
of the values obtained by BET analysis using nitro-
gen gas as the adsorbent (Table 9). Dzombak and
Morel?'! list values up to 720 m?/g obtained by
various other techniques and adsorbents. If the
particles are assumed to be spherical and the thick-
ness of the surface layer is taken as ~2 A, which is
roughly the length of the Fe(lIl)-O bonds, the
surface area of ferrihydrite constitutes a substantial
part of the total volume. For example, the surface
layer of a sphere 30 A in diameter makes up roughly
19% of the total volume, and a sphere 15 A in
diameter would have 35% of its volume represented
by the surface layer. Moreover, any particle shape
deviating from spherical will lead to an even greater
surface area. Thus, because the stoichiometry of a
surface is generally different from that of the interior,
it is evident that a significant fraction of the bulk
composition of ferrihydrite always represents that of
the surface rather than that of the core structure.
As noted previously, this duality has important
implications with respect to interpretation of the
composition and structure of ferrihydrite.

The large surface area and high reactivity of
ferrihydrite make it an important adsorbent of trace
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Table 9. Some Representative BET Surface Area Measurements of Ferrihydrite

type area, m3/g ref
3-line; atomic Si/Fe 0.23, natural 240 Childs et al.3*
6-line; atomic Si/Fe 0.37, natural 230 Childs et al 3!
3-line; atomic Si/Fe 0.50, natural 120 Childs et al.3!
6-line; synthetic 249 Saleh and Jones?'8®
6-line; Si/Fe 0.02, synthetic 233 Saleh and Jones!8®
6-line; Si/Fe 0.16, synthetic 279 Saleh and Jones?!8®
2-line; synthetic 340 Eggleton and Fitzpatrick?®
6-line; synthetic 225 Eggleton and Fitzpatrick!?®
2-line; synthetic 260 Liaw et al.?12
6-line; synthetic 203 Stanjec and Weidler?'3
2-line; synthetic 339 Postma?'4
2-line; synthetic 269 Bruun Hansen et al.?'5
2-line; synthetic 230 Axe and Anderson?!®
synthetic “amorophous” 159-234 Crosby et al.?”

Table 10. Some Pre-1990 References to Adsorption by Ferrihydrite

sorbate ref
Cd, Pb, Cu, Zn, Ag Davis and Leckie?'®
Ca, Zn, Kinniburgh and Jackson??? and Kinniburgh?23.224
Cd, Cu, Zn, Pb Benjamin and Leckie??
Cd, Cu, Zn, Co, Se Anderson and Benjamin?1°
As Pierce and Moore?26
Cr Zachara et al.??”
Cd, Zn, Ag, Cu, Pb, Hg, Cr, S, As, Se Leckie et al.?8
S Parfitt and Smart??°
Se, Si Anderson and Benjamin?'©
U Langmuir?®® and Hsi and Langmuir??

metals in surface and groundwater systems. How
these ions interact with ferrihydrite is a topic beyond
the scope of this review. In general, however, ad-
sorption that is independent of the ionic strength of
the solutions is attributed to the formation of an
inner-sphere surface complex.'°? Various adsorption
models are discussed by Dzombak and Morel,?'* and
new models continue to be proposed.?!® Values
adopted for some of the fundamental parameters of
ferrihydrite vary. For example, none of the measured
surface-area values given in Table 9 exceeds 340 m?/
g, but most authors recently seem to favor the
adoption of a surface area of 600 m?g, which is the
value recommended by Davis and Leckie?'® and
Dzombak and Morel,?! and which seems to give
better results in computed models. The mean value
of the conventional solubility product of ferric hy-
droxide, K = (Fe3(aq)(OH ag)® is 1079, but Fox??°
recommended that it be replaced by the ion activity
product (Fe3*(aq)(OH " (aq))?3® = 107317, This replace-
ment was questioned by Bruun Hansen et al.,??* who
nevertheless adopted it for their calculations. These
aspects are not dealt with further in this review, and
for cation and anion sorptive behavior of ferrihydrite,
the reader is referred to Dzombak and Morel.?!!

B. Adsorption of Specific Species

Some of the early work relating to the adsorption
of Ca, Zn, Pb, Cu, borate, and molybdate on ferrihy-
drite is summarized in Schwertmann and Taylor.%°
Table 10 gives a few references to studies that were
done prior to 1990. A much more comprehensive
review, and assessment of the data, is given in the
book by Dzombak and Morel,?** which discusses the
sorption of Ba?*, Ca?", Sr2*, Co?", Ni?*, Cd?*, Zn?*,
Cu?*, Pb?*, Hg?", Ag*t, and Cr3* cations, and POy,

AsOg,, VO, AsOsz, BO3, SO4, SeO,, SeOs, S;03, and
CrO,4 anions. In addition, results from the experi-
mental data for these various ions have permitted
the prediction of the surface complexation constants
for numerous additional cations and anions. Thus,
the following brief notes only point out germane
references that have appeared since the publication
of Dzombak and Morel,?** or include peripheral topics
such as the adsorption of organic compounds.

1. Various Cations

The kinetics of Cd and Co desorption from ferri-
hydrite and goethite were investigated by Backes et
al.,?%2 whose “ferrihydrite” consisted of a mixture of
feroxyhite and ferrihydrite. It was found that, at pH
6, increased contact times between the metal ions and
the oxides decreased the subsequent rate of desorp-
tion, and that substantial proportions of the metal
could not be readily desorbed into solution.

Uptake of Cd and Cu by sand sediments to which
organic matter and ferrihydrite had been added was
investigated at pH 6.5 by Warren et al.?*®* Copper
fractionation was strongly influenced by the organic
matter (peat), and in its presence, neither Cu nor Cd
was adsorbed by ferrihydrite to an appreciable de-
gree. The ineffectiveness of ferrihydrite as an ad-
sorbent may have been related to its transformation
to more crystalline phases during the course of the
experiments.

Up to 9.4 wt % Cd was adsorbed on ferrihydrite at
pH 6.7—9.5 in the experiments by Spadini et al.'*
EXAFS spectroscopy indicated that Cd—Fe atomic
distances for ferrihydrite are similar to those for Cd-
sorbed goethite, but the density ratio of high-affinity
to low-affinity surface sites is much greater on
ferrihydrite than on goethite.
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Adsorption of Mn(V1) by ferrihydrite over the pH
range 3.5 to 8 attained a maximum of 0.6 mmol/g or
2.4 umol/m?, which was achieved at pH 4.5.2%¢ A
similar study of Co, Cu, and Mn adsorption by
ferrihydrite over almost the same pH range (3.8—
8.2) was reported by Bibak.?®> The amount of metal
adsorption was in the order Cu > Co > Mn, and the
relative adsorption decreased in the order humic acid
— Al oxide — ferrihydrite — goethite.

Combes et al.?%¢ studied the sorption of Np(V) on
goethite in pastes, and Sakamoto et al.??” examined
the redistribution of Np(V) during the alteration of
ferrihydrite to goethite and hematite. These studies
have relevance to the storage and potential mobiliza-
tion and transportation of deleterious elements from
radionuclide wastes. At pH 7.7, Np(V) adsorbed on
ferrihydrite remained constant during alteration, but
at pH 6.0 the Np abundance decreased drastically
during alteration. The difference is thought to be
related to the presence of adsorbed NpO, at the lower
pH, and to NpO,OH at higher pH.

Sakamoto et al.?®’ cite references to 1993 and 1984
publications by Sakamoto and Senoo in which the
redistribution behavior of Sr, Cs, and Li during the
alteration of ferrihydrite to goethite was investigated.
The rate of Sr diffusion within ferrihydrite was
described by Axe and Anderson,?'¢ who observed that
Sr followed the standard profile in which rapid initial
adsorption was followed by much slower uptake
through intraparticle diffusion.

The deportment of Zn, Cd, Tl, Sn, selenite, sel-
enate, and sulfate in laboratory-precipitated ferrihy-
drite was reported by Zinck and Dutrizac.*®® Sulfate
and Zn adsorption were reported to have been af-
fected by solution pH.

The use of sequential extractions in general, and
the inferences commonly drawn from such extrac-
tions, were reviewed by Whalley and Grant.?%® They
found that Cu, Ni, and Zn adsorbed on laboratory-
prepared spiked ferrihydrite samples could be re-
moved simply by treatment with acetic acid.

The mechanism by which various metals bind to
ferrihydrite surfaces has been examined by EXAFS
spectroscopy in several studies. Manceau et al.?3°
determined that both Pb and U adsorb as inner-
sphere complexes that are edge-linked to the Fe(O,-
OH)s octahedra of ferrihydrite. Chromium, however,
behaves differently. Coprecipitated ferrihydrite with
high Cr/Fe contents has a solubility that is an order
of magnitude lower than that of a surface precipi-
tate.?3® EXAFS spectroscopy showed that Cr(111) and
Fe(111) have similar local structures, thus indicating
that a solid solution is present. In addition to this
mutual substitution, Cr(lll) adsorbed on the ferri-
hydrite surface occurs as multinuclear complexes
that subsequently act as nucleation sites for the
formation of Cr-bearing surface precipitates. Man-
ganese oxides, which have an even higher affinity
than ferrihydrite for Cr(l11), tend to oxidize the Cr
to Cr(V1), thus increasing its solubility and toxicity.?%°

2. Various Anions

Infrared spectra for freshly precipitated ferric
oxides that were reacted with NaNOs, Na,SO,4, Na,-
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SeO,4, NazHAsO,, or NapH,TeOg were presented by
Harrison and Berkheiser.?® Because the resulting
precipitates were not specifically characterized, con-
clusions about the extent of involvement of ferrihy-
drite is arguable; nevertheless, the IR curves provide
useful comparisons of the adsorption effects. Mono-
valent oxyanions (nitrate, perchlorate) were con-
cluded by Harrison and Berkheiser to adsorb through
an electrostatic interaction with the hydrated hy-
drous oxide surface, whereas divalent oxyanions
(carbonate, sulfate, arsenate, selenate) coordinate
directly with surface iron cations. Tellurate, how-
ever, was concluded to incorporate in the hydrous
oxide structure.

Selenite is known to adsorb on goethite by bonding
to two OH surface groups,?*® and EXAFS spectros-
copy?® has indicated that the coordination with
ferrihydrite surfaces occurs similarly. The possibility
that the different results reported for sulfate versus
selenate surface bonding might be due to hydration
levels (use of dry versus wet samples) was investi-
gated by Manceau and Charlet,?** who concluded that
selenate always forms inner-sphere surface com-
plexes, regardless of the hydration state. It was
further concluded that selenate attachment occurs
by the sharing of edges of the Fe(O,0H)s octahedra
and that a similar sorption mechanism operates for
selenite, sulfate, arsenate, and phosphate. The de-
tails of arsenate binding on ferrihydrite have been
controversial. 137141

It has long been known that ferrihydrite is an
effective adsorbent for inorganic phosphate in soils.?%2
This knowledge was applied in a practical way by
Freese et al.,?*® who designed a system that utilizes
a synthetic ferrihydrite suspension in a dialysis
membrane to act as a sink for the phosphorus
contained in soils. Measurement of “reversibly ad-
sorbed” phospate; i.e., that which can be desorbed
readily, is a parameter commonly determined in soil
science. Among the advantages cited for the pro-
posed system is that no desorption plateaus were
detected in experimental tests, thus indicating that
ferrihydrite acts as a very large sink for phosphate.

Studies of P adsorption on ferrihydrite have been
conducted using both natural®®?#* and synthesized
material.>*> Parfitt®® observed that at high levels of
P (>10 umol/L), phosphate sorption was in the order
hematite < goethite < ferrihydrite < allophane (an
amorphous hydrous aluminum silicate). Adsorption
of P was accompanied by desorption of Si.

Uptake of phosphate by ferrihydrite in groundwa-
ter systems was suggested by Griffloen®*¢ to be
dependent on the pH and the Fe(11):PO, ratio. Vari-
ous mechanisms of phosphate sorption have been
discussed by Ryden et al.,?*” Parfitt et al.,>*® Willett
et al.,?*® and Manceau and Charlet.?** Reactions
between tripolyphosphate and ferrihydrite were ex-
amined by Lin and Benjamin.?*>?%0 The high sorptive
capacity of ferrihydrite for phosphate led van Riems-
dijk et al.?! to conclude that surface precipitates of
ferric phosphate are formed, but this has not been
proved.

Infrared spectra of P-bearing ferrihydrite show a
broad absorption band at 1030 cm™! that has been
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attributed to the P—O stretching vibrations of phos-
phate;?*> the broadness of the band suggests that
phosphate group oxygens are involved in bonding
with the surface OH groups of ferrihydrite. Manceau
and Charlet?! suggested that, as with sulfate®?® and
selenate, the phosphate adsorbs onto ferrihydrite by
forming binuclear bridging complexes that bond with
two singly coordinated OH groups. The phosphate
adsorbed on ferrihydrite is readily desorbed, and
despite the uptake of percentage quantities of P, no
crystal-structure changes indicative of solid-solution-
type incorporation have been demonstrated. Adsorp-
tion of P inhibits the transformation of ferrihydrite
to other oxyhydroxides.?52:253

3. Organic Species

Adsorption of insecticides and herbicides applied
subaerially or directly on soils is of environmental
concern because the accumulation of these com-
pounds may be detrimental to the habitat or to
organisms within the habitat. Accumulation and
transportation of the agents in groundwaters can also
impose hazards in environments distant from a dosed
site.

Although most studies of insecticide and herbicide
adsorption in soils have dealt with interactions with
clay minerals, Schwandt et al.?>* tested the adsorp-
tion of quinmerac herbicide (7-chloro-3-methylquino-
line-8-carboxylic acid) on synthetic 6-line ferrihydrite,
and on natural ochreous ferrihydrite sludge. At low
pH, up to 1.19 mg of quinmerac were adsorbed per
gram of synthetic ferrihydrite (dry weight), but
sorption decreased with increasing pH, and at pH
>5.5 no adsorption was observed. Adsorption on
goethite and hematite was poor, and because the
amount of ferrihydrite in arable soils is low, it was
concluded that iron oxides are not likely to be a sink
for quinmerac if pH conditions are neutral to slightly
acidic.

Cox et al.?*> used synthetic 2-line ferrihydrite to
study the uptake of thiazafluron, a nonselective
herbicide that is derived from urea and is applied to
the soil in large doses for industrial weed control.
Ilitic clays were found to be the principal thiazaflu-
ron adsorbent, with less adsorption by montmorillo-
nite, and none by ferrihydrite.

Ferrihydrite, lepidocrocite, hematite, and goethite
were used by Inoue et al.?*® to study the reactions
with mugineic acid, a non-protein-building amino
acid that is excreted by the roots of rice and oat, as
a strategy for Fe uptake when conditions are Fe-
deficient. The mugineic acid evidently interacts with
soil Fe oxides, thereby facilitating adsorption into the
root system. Both the amount of mugineic acid
adsorbed on the Fe oxides, and the amount of Fe
dissolved from them, depended on the pH, the
concentration of mugineic acid, and the type and
amount of Fe oxides added to the system. Mugineic
acid was not adsorbed above pH 10, but over the pH
range 3—10 the acid adsorption was related to the
specific surface area, following the order: ferrihydrite
> goethite > lepidocrocite > hematite. The amount
of Fe dissolution followed the order: ferrihydrite >
lepidocrocite > hematite = goethite.
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Ferrihydrite and other Fe oxides were investigated
by Kung and McBride?” as adsorbents of p-hydroxy-
benzoic acid, one of the most common of the natural,
simple phenolic acids in soils. At the pH 5.5 of the
experiments, the amount of organic adsorbed was in
the order: ferrihydrite > hematite > goethite, and
adsorption per unit of surface area was in the same
order. All of the above studies in which the pH was
variable indicated that adsorption of anionic organic
chemicals is strongly dependent on the pH of the
system.

C. Environmental Implications

Large surface area, strong adsorptive effects, high
adsorption capacity, and low cost are properties that
make ferrihydrite an attractive material for the
treatment of wastewaters from various industries.
Leckie et al.??® concluded, on the basis of experimen-
tal results, that adsorption/coprecipitation with fer-
rihydrite is a feasible process for the removal of trace
elements from a variety of power-plant waste streams.
Schultz et al.?>® determined that soluble Cu, Pb, Ni,
Cd, Zn, and Cr(l11) could be adsorbed onto ferrihy-
drite at pH 9.5, and could be substantially desorbed
at pH 4.5. For the same metals, Edwards and Ben-
jamin?* found that ferrihydrite added to waste solu-
tions from a plating shop was a highly efficient sor-
bant over the pH range 8—12.5. Moreover, the fer-
rihydrite adsorption properties could be regenerated
by acid treatment, and no measurable loss in metal-
removal efficiency for either industrial or synthesized
wastes was detected over 50 cycles of reuse.

Ferrihydrite-coated sand has been determined to
be an effective, efficient water filtrant, especially at
pH 7.280 Tests by Edwards and Benjamin?5! showed
that ferrihydrite-coated sand outperformed uncoated
sand in removing not only particulate metals, but
also uncomplexed and ammonia-complexed soluble
metals. Despite these positive aspects, the total
metal-removal capacity of such systems is relatively
low because the sand particles themselves play a
negligible role in adsorption. Nevertheless, ferrihy-
drite-coated sand (0.6 mass % ferrihydrite) has been
found to be an efffective adsorbent of Co'"EDTA?~ and
Ni'"EDTA?" (ethylenediaminetetraacetic acid) com-
plexes.?®? In this regard, EDTA has been used as a
chelating agent for complexing radionuclides at waste-
disposal facilities.

Ferrihydrite precipitated onto magnetite was re-
ported by Chen et al.?%3 to remove >90% of the soluble
Cr(VI) and Zn from test solutions. This result is
significant in that although Cr(l11) was effectively
adsorbed in the experiments by Schultz et al.?%® and
Edwards and Benjamin,?*® Cr(VI) was not removed
efficiently either by coprecipitation or adsorption.
Chen et al.?® found, however, that chromium recov-
ery decreased after the first cycle of attempted
desorption. The decline in performance was at-
tributed to cumulative adsorption that slowed the
reversibility (desorption).

The sorptive capacity of ferrihydrite decreases
markedly at low pH,?'° and the extent of removal of
heavy metals below pH 5.0 is severely attenuated.
To overcome this problem Gao et al.?%* used a hybrid
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sorbent, produced at high temperature, consisting
largely of ferrihydrite and akermanite (Ca,MgSi,O-)
that together form porous aggregates of micropar-
ticles. The akermanite serves as a source of hydroxyl
ions in accordance with the reaction of water with
Ca,MgSi,0; = 2Ca?* + Mg?" + 60H™ + 2Si0,, thus
helping to neutralize the aqueous-phase hydrogen
ions and enabling ferrihydrite to adsorb in its more
effective pH range. Column tests showed that the
hybrid sorbent achieved almost complete removal of
heavy metals (Cd = Ni = Pb ~ 2.0 mg/L, Cu = 0.1
mg/L, Na = 250 mg/L, pH 4.0) for up to 5000 bed
volumes. At higher metal concentrations the number
of bed volumes decreased. The selectivity sequence
(binding strength) was in the order Pb > Cu > Ni >
Cd. The hybrid sorbent loaded with heavy metals
can be desorbed in situ for a number of cycles by
washing with ammonia/amine solutions.

IX. Transformation of Ferrihydrite

A. Dry Thermal Transformation

Until the paper by Eggleton and Fitzpatrick'?®
there was general agreement that dry heating of
ferrihydrite resulted in a simple transformation:
ferrihydrite — hematite. The principal, moderate
exothermic peak noted by Towe and Bradley* at ~400
°C (Figure 16) was thought to reflect the conversion
to hematite, or to energy released during hematite
recrystallization. Eggleton and Fitzpatrick!?® ob-
served two exotherms (Figure 18), the first of which
was attributed to the onset of maghemite growth, and
the second to the conversion of maghemite to hema-
tite (Figure 18). Although maghemite had been
detected as a conversion product many years ear-
lier,158.265 jts presence was attributed to the effect of
organic matter, and it seems not to have been
discussed in later papers. As was mentioned in the
section dealing with the ferrihydrite structure, how-
ever, the presence of maghemite was cited by Egg-
leton and Fitzpatrick!?? as indirect evidence to sup-
port the existence of tetrahedral Fe in ferrihydrite.
The dual exothermic peaks were also the focus of
discussion by Prasad and Sitakara Rao,%%¢ but the
peaks were attributed to the conversion of ferrihy-
drite to hematite and to the crystallization of hema-
tite at the higher temperature.

Drits et al.*® reported that ferrihydrite heated in
air at 350 °C for 1 h was converted to hematite and
that subsequent heating of this hematite by the
electron beam in the vacuum chamber of an electron
microscope resulted in the formation of magnetite.
This seems plausible in that the transformation of
hematite to magnetite represents a deoxygenation
reaction; i.e., Fe;03 — Fe30, = Fe;0267. Under
vacuum conditions, microbeam heating of ferrihydrite
resulted in the transformation: ferrihydrite — mag-
netite (Fe3O4) — wustite (FeO). Drits et al.*3? thus
argued that the tetrahedral iron inherent in maghem-
ite is the result of the partial reduction of Fe®*, and
not, as Eggleton and Fitzpatrick!?® had proposed, the
consequence of an inherited structural configuration
from ferrihydrite.

Lewis?s” oven-heated synthetic 2-line and 6-line
ferrihydrite and found that the 2-line phase trans-
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formed to hematite, whereas the more ordered vari-
ety formed goethite with little or no hematite. The
different conversions were attributed to the size of
the initial polymers, with the small polymers (2-line
ferrihydrite) converting to hematite. In 6-line ferri-
hydrite the supply of small polymers is limited, and
it was thought that there might also be concomitant
growth of goethite nuclei within the ferrihydrite, thus
“seeding” the preferred transformation to goethite.
Of particular interest in Lewis's study?%” is a para-
graph in which the work of Johnston and Lewis?%8 is
cited. This paragraph is given in its entirety as
follows:

The influence of polymer size on some crystal-
lographic characteristics was investigated by
Johnston and Lewis®%® who examined a series
of molecular weight (MW) fractions obtained
from a partially hydrolyzed Fe(l1l) solution by
filtering through a sequence of Amicon Diafilters
of decreasing pore size. Fractions with a nomi-
nal MW greater than 50,000 made up more than
75% of the iron in the system, and these were
shown by XRD and Mdossbauer studies to in-
crease in goethitic character with size. Nearly
20% of the iron remained in the low MW fraction
(nominally less than 500) and consisted only of
monomeric and dimeric species. Intermediate-
sized material from 1,000 to 50,000 MW (about
5%) showed no detectable goethitic character,
resembling rapidly precipitated ferrihydrite by
both techniques. When stored at 55° in 0.1 KOH
(Lewis, unpublished) all fractions greater than
50,000 MW [75% of the iron] quickly formed fine-
grained goethite as the sole product. However,
transformation was much slower for the fractions
less than 50,000 MW in which well crystalline
hematite was produced as well as fine-grained
goethite. For the fraction 1000 to 10,000 MW
[x fraction] hematite was dominant (95%) and
formed approximately 50% of the product from
the 20,000 to 50,000 [y fraction] [x +y = <5% of
the iron]; i.e. the smaller the polymer the greater
the likelihood of hematite formation.

A significant aspect of the study by Johnston and
Lewis,?®® as quoted above, is that not only were
hematite-like and goethite-like fractions distinguish-
able, but they apparently could be discriminated with
a high degree of sensitivity. The early-precipitated
material did not possess features characteristic of
hematite. This is in contrast to the ferrihydrite
structural model of Drits et al.,*?11%2 wherein ultra-
dispersed hematite is considered to make up about
25% of the bulk ferrihydrite. If this were so, the high-
molecular weight fraction examined by Johnston and
Lewis?%8 should have shown the presence of abundant
hematite; the absence of hematite is not in accord
with the proposal of Drits et al.**? that ultradispersed
hematite provides a seed or embryonic phase in the
conversion of ferrihydrite.

Also of interest in the paper by Lewis?®” is the
proposal that only the smaller polymers transform
readily to hematite. In the CUS model of Zhao et
al.,?>% these smaller polymers would have a high



Occurrence and Constitution of Ferrihydrite

surface area and would be the most amenable to
dehydroxylation. The larger polymers would have
proportionally fewer surface sites because linkages
of the dioctahedral chains had advanced to form a
goethite-like array.%’

The dry heating of 2-line and 6-line ferrihydrite
was also examined by Stanjek and Weidler,?*3 whose
work was contemporaneous with, but independent of,
that of Lewis.?” From their observations, Stanjek
and Weidler?®® concluded that it was possible to
dehydrate 6-line ferrihydrite, without the occurrence
of significant changes in cell parameters or structure,
to a composition corresponding to Fe; 7502.26(0OH)g.74.
It was proposed that:

Continuous removal of OH from the ferrihy-
drite structure necessarily reduces the average
coordination number of oxygens and OH around
iron. Thus charge imbalance and structural
distortion would increase up to a level where it
is no longer possible to form further defects in
the structure. If this model is valid, a ratio [of
structural OH] can be expected where further
removal of OH results in major structural rear-
rangement (to hematite). A temperature of 400
K [maximum OH loss without conversion occur-
ring], however, it is probably too low to enable
sufficient cations diffusion, because of [the re-
quired] high activation energy...A plateau is
therefore expected, at which the dehydration
reaction comes almost to a stop. This plateau
was observed for the series SF2...

Stanjek and Weidler’s observations indicated that
the BET-determined surface areas decreased with
increasing heating time, but that the mean coherence
lengths of the ferrihydrite particles were not affected
significantly.?’® To index an additional peak at 2.7
A observed in the X-ray powder pattern, Stanjek and
Weidler adopted a cell with ¢ = ~14 A. It should be
noted, however, that the 2.7 A diffraction line is at
the position assigned by Drits et al.*?132 to ultradis-
persed hematite.

The ideas expressed by Stanjek and Weidler?'3
concerning the thermal conversion of ferrihydrite are
of particular interest in that they can be construed
to coincide with the structural concept which was
derived independently. The minimum-OH formula
Fe17502.26(0OH)o74 of Stanjek and Weidler can be
rewritten as Fez[02_53(OH)0,85]23.43 = F6202[Oo_58-
(OH)o.42] = Fez(0O,0H)s, in which the sum of O = 2.58.
Wolska?®® reported that the thermal dehydration of
goethite led to the initial formation of Fe; ¢(OH)O,,
and subsequently to “hydroxyhematite”, and then to
hematite.?”°271 The initially formed compound was
concluded to have the structure of hematite. Al-
though the validity of “hydrohematite” has been
questioned, if not refuted,?’? if for the present pur-
poses the composition is rewritten as Fe; ¢7(OH)O;
= Fey(OH)1.200023905, the following comparisons
ensue:

Fe,[0,55(0H)ggslssqs  (Stanjek and Weidler®?)

Fe,[0;.305(0H)1 20053505 (Wolska®®)
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Thus, the compositions of the two phases, one with
the structure of ferrihydrite and the other with the
structure of hematite, are roughly similar. One could
infer, therefore, that the composition at which ferri-
hydrite transforms to hematite is approximately
Fe,0,5(0OH). The formula of the end-member dehy-
drated ferrihydrite thus becomes Fe,Os(OH),, which
is more appropriately generalized as Fe,04(0O,0H)s.
Upon any further loss of hydroxyl the structure
converts to hematite. If the proportion of OH is high,
as occurs under conditions in which polymerization
increases and the ferrihydrite structure takes on a
more goethite-like character, then conversion to
goethite is facilitated. Neither the conversion to
hematite nor that to goethite would be expected to
be topotactic, but the O—OH adjustments apparently
are greater to achieve the transformation to goethite
than to hematite.

B. Aqueous Transformation

Johnston and Lewis?’® examined the conversion of
ferrihydrite in solution at 92 °C and concluded that
direct formation of hematite occurred in the experi-
mental conditions used. It was noted, however, that
at 85 °C the hematite was preceded by goethite and
that at even lower temperatures the period of pro-
duction of goethite was extended. The experimental
temperature of 92 °C was, in essence, a selection to
eliminate the formation of goethite.

The effect of pH on the transformation of ferrihy-
drite at 24 °C was reported by Schwertmann and
Murad,?”* who observed that ferrihydrite converted
to hematite at pH 7—8, whereas at straddling pH
values the product was goethite. The effect was
attributed to the availability of Fe(lll) in solution;
maximum activity of Fe(l11) as Fe(OH),* and Fe(OH),~
were calculated to be at pH 4 and pH 12, respectively,
and it was at these pH values that maximum goethite
abundances were achieved. Minimum activity of Fe-
(1) ions was near pH 8, coinciding with the most
prolific development of hematite. These results were
interpreted to be an indication that goethite formed
from ferrihydrite by dissolution, thereby providing
the Fe(l11) ions, whereas hematite formed by internal
rearrangement and dehydration within the ferrihy-
drite aggregates.

The preceding experiments by Schwertmann and
Murad?* were conducted at 24 °C. For alkaline
media at 70 °C, Cornell and Giovanoli'®® observed
that ferrihydrite transformed to goethite at pH 11.2—
14, whereas at straddling pH values the product was
a mixture of goethite and hematite. The “goethite-
only” pH range was narrowed if the temperature was
increased. Limited experiments also showed that the
ionic strength of the solutions and the suspension
concentration affected the reaction products. The
morphology of goethite in such systems was con-
cluded to be influenced by, above all, the pH of the
System.197*198

Torrent et al.?’® used dried samples of ferrihydrite
to determine the effect of relative humidity on
ferrihydrite conversion. Although one might ques-
tion whether it is appropriate to include their studies
in a section that purports to deal with aqueous
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transformations, it can be argued that the only
variable being introduced is the activity of water. At
45 and 55 °C and relative humidities close to 100%,
ferrihydrite was found to transform to hematite and
goethite, but goethite development decreased at lower
humidities and at the higher temperatures. Subse-
quent experiments by Torrent and Guzman?’® to
determine the effect of water activity confirmed that,
in the conversion of ferrihydrite, goethite needs the
presence of water more than does hematite. These
results were considered to support the concept of
different pathways for the ferrihydrite — hematite
and the ferrihydrite — goethite conversions, as was
outlined in the preceding paragraph?4?7” and was
elaborated upon by Combes et al.'?®

As noted by Manceau and Drits,'33 the conversion
of Fe oxyhydroxides has been well-studied by solution
chemistry; in alkaline media, the formation of goe-
thite from ferrihydrite is thought to involve dissolu-
tion and reprecipitation, whereas conversion to hem-
atite is thought to more closely simulate a solid-state
rearrangement.'%8.277.278 Manceau and Drits'®® con-
cluded that for structural reasons, major reconstruc-
tion (solution—reprecipitation) was required to achieve
the ferrihydrite — goethite transformation, but that
the transformation to hematite also would require
dissolution and reprecipitation:

That the formation of hematite and goethite
from ferrihydrite appears macroscopically to
follow two different pathways can be accounted
for by the fact that these two transformations
differ in the extent to which the dissolution—
reprecipitation process affects the ferrihydrite
framework. This process would operate solely
during the formation of goethite, whereas both
dissolution and the solid-state transformation
would take place during the formation of hema-
tite (from ref 133).

C. Effects of Various lons on the Aqueous
Transformation of Ferrihydrite

The adsorption of various ions can drastically
modify the properties of ferrihydrite. A notable
example is the substantial increase in the tempera-
ture required to convert silica-bearing ferrinhydrite to
hematite. The presence of foreign ions in solution
can also influence the kinetics of ferrihydrite trans-
formation, thereby altering the proportions of the
goethite and hematite end products, or initiating the
crystallization of new end products such as lepi-
docrocite. For example, addition of the reducing
organic ligand L-cysteine to ferrihydrite-bearing solu-
tions at pH 6—6.5 and 25 or 70 °C not only acceler-
ated the rate of transformation of ferrihydrite, but
determined the conversion product. At pH 6 and 70
°C, a cysteine:Fe ratio of 0.1 in the system led to a
conversion mixture of hematite and lepidocrocite, a
ratio of 0.2 resulted in lepidocrocite with a trace of
goethite, and a ratio of 0.4 resulted in goethite only.?”®
At pH 7.5-9, cysteine:Fe ratios > 0.2 rapidly con-
verted ferrihydrite to goethite.?®° The results were
considered to be significant in that all organic ligands
studied previously had suppressed the transforma-
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Table 11. Extent and Products of the Conversion of
Ferrihydrite in the Presence of Simple lons and
Molecules (L) (after ref 283)

%

species goethite hematite ferrihydrite
control 97 3 0
lactate 95 5 0
L-tartrate 0 100 0
meso-tartrate 5 15 80
citrate 0 10 90
sucrose? 10 85 5
glucose 5 45 50
maltose 0 30 70
silicate 0 0 100
Al 95 5 0
Mn 100 0 0
control 100 0 0
silicateP 0 0 100
silicate® 40 10 50
Al 40 60 0
Mn¢d 95 0 0

apH 10, L:Fe = 0.01. b :Fe=0.01.¢ pH 12, L:Fe = 0.2, 24
h. 4 Jacobsite = 5%.

tion of ferrihydrite to goethite, which is in accord with
the observations that organic compounds retard or
inhibit the conversion of ferrihydrite in soils. These
previous experiments, and others, are briefly sum-
marized below. Numerous other references to the
effects of organic compounds, particularly in soils, can
be found in the papers cited; as well, the influence of
inorganic ions on ferrihydrite conversion is commonly
mentioned in papers whose focus is on the adsorptive
properties of ferrihydrite.

1. Various Organic Anions

Hydroxyl carboxylic acids inhibit the crystallization
of ferrihydrite in the pH range 9—11 in the order
citric > meso-tartaric > L-tartaric > lactic.?8* Ox-
alate also favors hematite crystallization over that
of goethite,?”” and the same effect of hematite promo-
tion occurs with simple sugars in the order maltose
> glucose > sucrose.?®? Retardation of the transfor-
mation of ferrihydrite was attributed to adsorption,
which impeded ferrihydrite aggregation and dissolu-
tion, limiting the release of ferric species into solution
and creating conditions favorable for the nucleation
of hematite. Thus, the presence of organic anions in
the system usually leads to an increase in the pro-
portion of hematite relative to goethite in the trans-
formation product (Table 11). The retarding power
of the organic species generally falls as the pH rises,
and the retarding power also falls with decreasing
concentrations of the interfering ion or molecule.

The aging of ferrihydrite in the presence of differ-
ent amounts of acetate was monitored for two years,
mainly by Modssbauer spectroscopy, using ferrihydrite
powders that had been dried at 120 °C after washing
with ammonium acetate solutions of different con-
centrations.?®* High acetate concentrations led to the
crystallization of goethite, whereas hematite was
formed at low levels. Thus, acetate was concluded
to inhibit the crystallization of hematite in favor of
goethite.

2. lonic Environment

Crystallization of goethite and/or hematite from
ferrihydrite was retarded more in sulfate systems
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than in chloride or nitrate media, possibly because
of sulfate adsorption onto the ferrihydrite surface.?
Although goethite and hematite both formed in NaCl,
KCI, LiCl, and CaCl, solutions, the proportion of
goethite in all the tests was lower than that in water.
The degree of transformation was highest for chloride
solutions and was higher for Ca than for Mg or Na.
Calcium and magnesium favored the crystallization
of hematite over that of goethite. Thus, it was
concluded that the ionic environment must modify
the activity of water in saline environments, and this
in turn affects the nature of the conversion of
ferrihydrite. At relatively low water activities, de-
velopment of hematite is favored over that of goe-
thite.

3. Silicon

Incorporation of Si in ferrihydrite affects several
of its properties, some to a notable extent. Silica
variably increases or impedes ferrihydrite dissolu-
tion,'89285 variably changes its surface area (Table
918%) and lowers its point of zero charge as the Si
content increases.?1%28¢ The quality of the X-ray
patterns has been observed to decrease with in-
creased Si content?®®” or to remain largely unaf-
fected,'8 but the best patterns of natural material
seem to be from siliceous varieties (Figure 4). In this
regard, Soma et al.? and Vempati et al.?®° used XPS
to determine the bonding of silica in both natural and
synthetic ferrihydrite. For the five natural samples
studied,?®8 there was little evidence of bonding of the
three-dimensional SiO4 anion. The Fe:Si ratio de-
termined by XPS was comparable to the analytical
ratio in the bulk material, suggesting that the Si was
dispersed throughout the material, presumably via
Fe—O-—Si bonding. In contrast, there was strong
evidence that the XPS-determined Fe:Si ratio in the
synthetic ferrihydrite studied was higher than the
analytical ratio of the sample. The conclusion was
that the level of Si adsorption was enhanced on the
surface of the synthetic ferrihydrite, and that the Si
was present as a SiO4-type ion. The implication is

RATE OF TRANSFORMATION

STRONGLY RETARDED
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that natural and synthetic ferrihydrites, having
comparable analytical Si contents, could have mark-
edly different levels of bulk Si incorporation. The
infrared spectrum of ferrihydrite shows an increased
intensity of Si—O—Fe bands as the Si content in-
creases (Figure 14),287.290291 and one of the most
impressive changes is the increase in temperature
required to convert siliceous ferrihydrite to hematite
by dry thermal transformation (Table 8).146.189

Increased Si concentrations in 0.0125 M ferric chlo-
ride solutions at pH 7 were observed by Schwert-
mann and Thalman®®” to increase the relative for-
mation of ferrihydrite precipitates at the expense of
lepidocrocite; when the oxide contained >1.45 wt %
Si, lepidocrocite was no longer formed. The effect of
decreasing pH was also to increase ferrihydrite at the
expense of lepidocrocite; moreover, the uptake of Si
from the same solution increased from 3.14 wt % at
pH 7.5 to 4.35% at pH 5.0. A possible explanation
for the transformation trend observed by Schwert-
mann and Thalman was provided by Karim,?%? who
showed that partly oxidized Si-free iron chloride
solutions initially crystallize as a green rust phase
that is the precursor to lepidocrocite. When Si is
present, however, the formation of the green rust
precursor is inhibited, and ferrihydrite is the ultimate
oxidation product.

The transformations of lepidocrocite?®32°* and fer-
rinydrite?19253 to goethite are retarded by Si. Al-
though Si hinders the nucleation of goethite, the
effect is outweighed by the even stronger stabilizing
action on ferrihydrite.?>® Dissolution and conversion
of akaganéite are also retarded by Si, but to a lesser
extent than the effect on ferrihydrite.%8253

The relative inhibiting power of Si on the trans-
formation of ferrihydrite is shown in Table 12, and
is schematically illustrated in Figure 22. The L(1)
ions and molecules include Si, citrate, meso-tartrate,
and maltose, as can be discerned from Table 11;
examples in the L(2) group are sucrose and lactate,
those in the L(3) group include L-tartrate and oxalate,
and examples in the L(4) group are Al and Mn.28

PRODUCTS

> INCREASE IN HEMATITE

L(1)

WEAKLY RETARDED

DECREASE IN GOETHITE

INCREASE IN HEMATITE

AL

FERRIHYDRITE>——]

N
L(3)

FORMATION OF HEMATITE ACCELERATED

>

DECREASE IN GOETHITE

ENTIRELY HEMATITE

VERY WEAK RETARDATION

FOREIGN CATION INCORPORATED
IN GOETHITE STRUCTURE.

POSSIBLE EXTRA OXIDE PHASE.

Figure 22. Schematic classification of the effects of ions and molecules (L = foreign species) on the kinetics and products
of the transformation of ferrihydrite in alkaline media. (Adapted from ref 283.)
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Table 12. Inhibitor Power of Silicate in the System
Compared with That of Other Inhibitors®?

ferrihydrite untransformed after 24 h (%)

species? pH 11 pH 13
silicate 100 100
Al 5 0
citrate 100 10
phosphate 100 25
maltose 100 100

a Concentration = 1073 M, 70 °C.

In general, the presence of anions increases the
proportion of hematite relative to goethite in the
transformation product, and ligands that adsorb on
ferrihydrite have a stronger effect than those that
act only in solution.?®® Because slow dissolution
favors the development of hematite over that of
goethite, and because Si retards the transformation
of ferrihydrite (Table 13), conversion of siliceous
ferrihydrite to hematite rather than goethite is
indirectly favored.

The remarkable effect of Si in elevating the tem-
perature at which ferrihydrite converts to hematite
has already been mentioned. Childs et al.*® observed
that it was possible to reduce the OH:Fe ratios of
siliceous ferrihydrite to the order of 1:10 without an
apparent phase change, and thus questioned the
essentiality of H,O and OH in the ferrihydrite
structure. Feng et al.®® and Zhao et al.®* suggested
that dehydroxylation of ferrihydrite improves its
catalytic properties because H,O adsorbs onto sites
that are otherwise coordination-unsaturated. Ad-
sorption of H,O leads to particle linkages, and when
this H,O is evolved at elevated temperatures the
small particles agglomerate, thereby facilitating the
transformation to hematite. The coordination-un-
saturated sites can therefore be considered as growth
sites. If part of the H,O is replaced by Si to form
Fe—O-Si bonds, then particle linkages and ferrihy-
drite transformation would be retarded, as has been
observed.

4. Germanium

Silicon- and germanium-bearing 7-line ferrihydrite
precipitates were synthesized by Yoshinaga and
Kanasaki,*” who could detect no difference in the
X-ray patterns of the two precipitate types even
though the Fe:Si and Fe:Ge ratios were 10:1. Con-
sequently, because the ionic radii for 6-fold-coordi-
nated Si (0.40 A) and Ge (0.53 A) are so different, it
was concluded that these elements must be adsorbed
or surface-bonded rather than incorporated within
the ferrihydrite structure. Heating of a Ge-bearing
sample, comparable in Ge content to those synthe-
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sized by Yoshinaga and Kanasaki, showed that it
transformed to hematite by 300 °C.14°

5. Aluminum

The influence of Al on the formation of various iron
oxides from Fe(ll) chloride, sulfate, and carbonate
solutions oxidized in air at pH 5.5—7 and 20 °C was
investigated by Taylor and Schwertmann.?®® Forma-
tion of ferrihydrite was favored when the mol ratio
of Al/(Al+Fe) exceeded 0.30, and lower ratios (0.09—
0.30) inhibited the formation of lepidocrocite and
maghemite in favor of goethite. That incorporation
of Al in ferrihydrite stabilizes the mineral is evident
from its DTA response; the exothermic peak temper-
ature of 316 °C at zero Al was observed by Schwert-
mann et al.?” to increase gradually with Al content,
moving to 564 °C at 25 mol % added Al.

In their experiments on the effect of relative
humidity on the transformation of ferrihydrite, Tor-
rent et al.?’® determined that Al substitution in
ferrihydrite caused a blockage in the formation of
goethite, and also impeded the conversion to hema-
tite. Incorporation of Al in ferrihydrite seems to
stabilize the mineral,?®® and the reduced susceptibil-
ity to dissolution thereby Kkinetically favors the
conversion of aluminous ferrihydrite to hematite
rather than to goethite.?®®3% Ferrihydrite-derived
synthetic hematite samples containing up to 18 mol
% Al were described by Stanjek and Schwertmann.30t

6. Soil Minerals

Suspensions of ferrihydrite and several soil-type
minerals held at pH 7 and 40 °C for up to 210 days
were found to affect the rate of conversion of ferri-
hydrite, which was to mixtures of goethite and
hematite.3%? Crystallization of the iron oxides was
retarded by deferrated soil clay > kaolinite > gibbsite
> quartz, whereas muscovite accelerated the conver-
sion. All substances except the soil clay had the
effect of promoting hematite development over that
of goethite, and it was thought that a template effect
might have been the cause. Earlier experiments by
Schwertmann'®’ at different pH values and temper-
atures had also shown preferential crystallization of
hematite, at least in part because the aluminum
released by clay—mineral dissolution favored the
formation of hematite over goethite. Schwertmann’s
experiments at 25 °C and pH 5 were terminated after
8.4 years,'873% at which time it was found that
ferrihydrite conversion had been retarded by gibbsite,
kaolinite, illite, and smectite, and had been blocked
almost completely by allophane and a smectitic soil
clay. The presence of the clay minerals had also
resulted in higher ratios of hematite to goethite. The

Table 13. Effect of Different lons on the Kinetics and Products of the Transformation of Ferrihydrite at pH 12.2

and 70 °C (after Cornell and Giovanoli, ref 295)

ion [ion] (M) induction time (h) rate (min~1) products
control 0 0.5 0.002 goethite
Al 1073 1.0 0.002 goethite
Al 2x10°3 25 0.0035 goethite + hematite (10%)
Mn 1073 0.5 0.002 goethite
Si 4 x 107 50.0 0.00016 goethite + hematite (15%)
Cu 1073 6.0 0.00030 hematite + goethite (3—5%)
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conversion rate was inversely related to the final Si
concentration in the solution. The extent of trans-
formation was in the order: ferrihydrite control
sample < gibbsite ~ illite < kaolinite < smectite <
soil smectite < allophane ~ aluminous ferrihydrite,
with the last two completely blocking conversion.

7. Arsenic

Adsorption of arsenate while ferrihydrite is poly-
merizing interferes with the chain-building process,
thereby retarding further polymerization and the
transformation to hematite.’3"141 EXAFS As—Fe
correlations indicated that arsenate adsorption on
ferrihydrite is principally as an inner-sphere biden-
tate complex, but monodentate complexes also are
present.137.138

8. Uranium

Manceau et al.?®° reported that the adsorption of
uranyl ions (UO?") prevented the transformation of
coprecipitated ferrihydrite. The results of EXAFS
spectroscopy indicated that the high affinity of fer-
rihydrite for uranyl ions exists because these ions
share edges with the Fe(O,0H)s octahedra, thus
bonding to the surface functional groups of ferrihy-
drite as mononuclear bidentate inner-sphere com-
plexes.?®® This type of surface bonding was confirmed
by Waite et al.14?

9. Ferrous Iron

The products of the air oxidation of Fe''—Fe'!
chloride solutions at pH 6 and 7, at 20 and 60 °C,
were investigated by Taylor and Schwertmann3®* to
define the experimental conditions conducive for the
precipitation of maghemite. Maghemite formation
was determined to be favored by a slow oxidation
rate, high total Fe concentration, the presence of
small amounts of Fe(ll1) in the predominantly Fe-
(I1) solution, higher temperatures, and the lower pH
(6). At higher Fe(lll) proportions, however, ferrihy-
drite was formed. The results were similar to those
obtained earlier by Schwertmann and Thalman%” in
less extensive experiments.

Divalent transition-metal cations in concentrations
in which, roughly, M'/Fe''" >2 have been shown to
convert ferrihydrite to a spinel phase.3%-37 Tronc
et al.’%® and Jolivet et al.®®® demonstrated that Fe-
(I had the same effect, regardless of whether the
Fe''-Fe!"! phases were coprecipitated or Fe(ll) was
added after precipitation. When the ratio (x) of Fe'!/
Fe'" > 0.35, a nonstoichiometric magnetite was
formed; at x = 0.10—0.33 for the system, the mag-
netite phase coexisted with another spinel-type phase
low in Fe(ll), with x ~ 0.07. At the experimental
conditions (pH 11, room temperature), ferrihydrite
converted to goethite. The presence of Fe(l1) acceler-
ated the conversion, but at x >0.1 only magnetite was
formed.

10. Copper and Zinc

Cornell and Giovanoli?®® observed that the presence
of Cu in alkaline media retarded the transformation
of ferrihydrite (Figure 23) by hindering its dissolu-
tion. This in turn suppressed the formation of goe-

Chemical Reviews, 1998, Vol. 98, No. 7 2579

1 lﬁ;o‘.\
o .
0.8 |
.06 . B
o
£ \ A
Lfo 0.4 D\ .
y \.\
0.2 | A\ :
(]
\l\u | | J

0 20 40 60 80
Time (h)

Figure 23. Fey/Fe; (ferrihydrite/total Fe) as a measure of
the degree of transformation of ferrihydrite into crystalline
oxides vs time: (A) Cu absent, product goethite; (B) 103
M Cu coprecipitated with ferrihydrite, product Cu hema-
tite. Conditions: pH 12.2, 70 °C. (Redrawn from ref 295.)

Table 14. Effect of Cu Concentration on the
Transformation Products of Ferrihydrite at pH 12.2
and 70 °C (after Cornell and Giovanoli, ref 295)

initial
Cu (M) mol % Cu product
0 0 goethite
1x10™* 0.9 goethite
25 x 107 2.43 goethite + hematite (30%)
5x 10 4.5 goethite + hematite (85%)
1x10°3 9.09 hematite
2 x 1078 16.6 hematite + magnetite
3 x 1078 23.0 magnetite
5 x 1072 33.0 magnetite + tenorite
1x1032 100.0 tenorite
1x10738P 9.09 hematite (60%) + goethite
1x10°3 9.09 hematite (55%) + goethite
1x103+ 9.09 hematite (95%) + goethite
1 x 103 Mn¢

a 6% goethite seed added. P Cu added to ferrihydrite. ¢ Cu—
Mn ferrihydrite coprecipitate.

thite, and at 9 mol % Cu concentration only cuprian
hematite was formed. Higher Cu concentrations (9—
23 mol %) led to the formation of cuprian hematite
and cuprian magnetite (Table 14). Stabilization of
ferrihydrite was far greater if Cu was coprecipitated
with the ferrihydrite rather than added subsequently,
thus suggesting some solid-solution incorporation
by coprecipitation. With experimental conditions
similar to those used to obtain the results for Cu,
Cornell®® determined that ferrihydrite containing 9
mol % Zn converted to a mixture of goethite and
about 15% hematite. Upon the addition of 18 mol %
Zn, the ferrihydrite converted to goethite, hematite,
and spinel; at 23 mol % Zn the products were spinel
and hematite. Both Cu and Zn extended the induc-
tion (nucleation) period and also retarded the sub-
sequent conversion.

11. Manganese

Goethite containing up to 15 mol % Mn can be
formed from ferrihydrite in alkaline solutions con-
taining divalent Mn.3% The effects of pH, Mn con-
centration, and the initial source of the Mn are
summarized in Table 15. Manganese, in general,
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Table 15. Effect of pH, Mn Concentration, and Source of the Mn on the Transformation Products of

Ferrihydrite? (after Cornell and Giovanoli, ref 310)

pH
[Mn] (M) X 8 10 11 12 13 14
0 0 Hm, g Hm, g G, Hm G G G
Manganese (I1) Nitrate
15 x 1073 0.15 Hm, g G, hm G G G
1.9 x 1073 0.18 G, hm G,j G,j G, j
4.4 x 1078 0.30 J,G J,G J,G J,G
1.0 x 1072 0.50 G, j Jg J.g J.g J. g
Manganese (I11) Acetate
15 x 1073 0.15 G G
4.4 x 1073 0.30 G, 7-A phase
1.0 x 102 0.50 G, ha, 7-A phase
Manganese (I1) Oxalate
15 x 1073 0.15 Hm G
1.0 x 1072 0.50 Hm G, J, Ha J,Ha, g

a Abbreviations: G, g = goethite; J, j = jacobsite; Hm, hm = hematite; Ha, ha = hausmannite; 7-A phase = 7-A phyllomanganate.
Capital letter indicates dominant phase, lower case letter indicates minor phase. ® x = Mn/(Mn + Fe) in the system.

Table 16. Effect of the Concentration of Co and the
Order of Precipitation on the Transformation
Products of Ferrihydrite at pH 12 and 70 °C (after
Cornell and Giovanoli, ref 311)

method of mol %
precipitation Co added product
Co + Fe 0 Co goethite
coprecipitated 0.9 Co goethite

4.5 Co goethite
9.0 Co goethite
18.0 Co goethite + some Co magnetite
23.0 Co magnetite
33.0 Co magnetite
50.0 Co magnetite
Co added to 9.0 Co goethite
ferrihydrite 23.0 Co goethite + trace Co magnetite
33.0 Co goethite + trace Co magnetite
Co?* solution 100.0 Co0304 + CoOOH
alone

suppressed the formation of hematite, but at low
concentrations of Mn(11) in the system there was little
retardation effect on the transformation of ferrihy-
drite. At sufficiently high levels of Mn, the Mn
analogue of magnetite (jacobsite) was formed.

12. Cobalt

Transformation of ferrihydrite to more crystalline
oxides is retarded by Co, which stabilizes ferrihydrite
against dissolution.?!* The effects of Co concentration
and the method of Co (i.e., cobalt) precipitation are
summarized in Table 16. No hematite formed at pH
>11.5, but at lower pH values the formation of
goethite was suppressed relative to that of hematite
or magnetite.

13. Manganese—Cobalt—Nickel

Metal—ferrihydrite coprecipitates simultaneously
containing Mn, Co, and Ni converted to goethite at
pH 12 and 70 °C.%% The metal/(Fe + metal) mole
fractions were up to 0.13 for mixtures of the three
substituting ions, and 0.165 for two substituting ions.
Because the conversion of ferrihydrite to goethite
involves a solution—reprecipitation process, the soluble
metal species can be readsorbed on the remaining
ferrihydrite; readsorption was observed to be in the

Table 17. Products of Crystallization of Ferrihydrite
Coprecipitated with Different Levels of Divalent lons
at pH 12, 70 °C, and 50 Days Aging3%’

product upon addition of @

radius

ion (A 9mol% 18 mol % 33 mol % metal
control G G G
Mn2+ 0.82 G G+S S+G
Co?* 0.74 G G+S S
Ni2* 069 G G+S  a3Ni(OH)»2H.0 + S
Cu?* 0.73 H H+S S + CuO
Zn%*t 0.74 G+H H+S S

a Abbreviations: G, goethite; H, hematite; S, spinel.

1.0 Control " Cu

05k Co, Ni

Figure 24. Effect of pH and the nature of M2* on the
proportions of goethite (G) and hematite (H) in the crystal-
lization product of metal-bearing ferrihydrite. (Redrawn
from ref 307.)

order Ni > Co > Mn. Conversion of the enriched
residual (10—15%) ferrihydrite was retarded, and the
final stages of the transformation to goethite were
extended over weeks.

The influences of divalent Mn, Co, Ni, Cu, and Zn
on the crystallization products formed from ferrihy-
drite were reviewed by Giovanoli and Cornell 3" The
effects of the various metals are summarized in Table
17, which shows clearly that the products are de-
pendent on the concentration of the metal, and on
the pH of the system (Figure 24). Copper and Zn
have the strongest influence in forming hematite, and
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Mn is the least effective. The Kinetics of ferrihydrite
transformation are altered, with metals (M) usually
extending the induction period and, except for Mn,
retarding the conversion (recrystallization) process.
Retardation increased with increased amounts of M,
but the effects were apparent even at levels as low
as 2 mol % M.

14. Molybdenum

Ferrihydrite used as a catalyst in coal liquefaction
is less than ideal because at high temperatures it
does not maintain its dispersion, but quickly ag-
glomerates during its transformation to hematite.
The presence of adsorbed Mo inhibits the crystalliza-
tion of hematite, thus maintaining the ferrihydrite
dispersion.?® EXAFS results indicated that Mo is
probably chemisorbed at coordination-unsaturated
sites, probably in tetrahedral coordination as MoO?,
but with no extensive coordination shells beyond the
nearest oxygen shell.

15. Gold

The transformation of ferrihydrite to goethite is
retarded in the presence of colloidal gold at pH
7.312313 1t is thought that the dissolution—reprecipi-
tation step in the formation of goethite is slowed
because goethite nuclei are adsorped at the surface
of the gold colloids, thus slowing goethite growth. The
transformation of ferrihydrite to hematite involves
a less extensive dissolution—reprecipitation mecha-
nism; hence, the formation of hematite is not affected.
Some gold combines with ferrihydrite as Au(lll), but
whether the effect is through electrostatic interac-
tions or specific bindings is not known.34

X. Conclusions

Although ferrihydrite is of considerable importance
in metallurgical processing and in the natural envi-
ronment, often its presence is greatly underestimated
because of the difficulty in its definitive identification
and because of its common designation as amorphous
iron hydroxide, colloidal ferric hydroxide, Fe(OH)s,
etc. Nevertheless, ferrihydrite has been identified as
a preterrestrial component of meteorites, and may
be a constituent of the soils of Mars. On Earth,
ferrihydrite occurs widely in natural waters, in the
sediments derived from these waters, and is a
constituent of a wide variety of soils, especially those
formed rapidly under cool and moist conditions.
Ferrihydrite is abundantly present, although difficult
to identify, in sulfide oxidation products and in the
precipitates resulting from acid mine drainage. Fer-
rihydrite is believed to be the dominant constituent
of some metallurgical processing residues, but this
conclusion requires direct confirmation. In all its
occurrences, ferrihydrite precipitation controls the
level of dissolved iron in solution and also regulates
the concentration and distribution of a host of
impurity species.

Ferrihydrite is generally classified according to the
number of X-ray diffraction lines that the material
gives: typically “2-line” ferrihydrite for material that
exhibits little crystallinity and “6-line” ferrihydrite
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for that which is best crystallized. Several models
of the structure of ferrihydrite have been developed,
and the tempo of proposals has increased in the past
few years. Inone model, ferrihydrite consists of three
components: (1) a defect-free structure, which has
ordered, three-dimensional anion packing, (2) a de-
fective structure in which the anion packing is
nonperiodic, and (3) ultradispersed hematite. Di-
mensions of the coherent scattering domains in 2-line
ferrinydrite are 10—20 A, whereas much larger
domains (40—60 A) are characteristic of 6-line ferri-
hydrite. In another structure that was derived
largely from the results of EXAFS spectroscopy, the
fundamental units consist of microdomains of goe-
thite. However, it was subsequently observed, also
from EXAFS spectroscopy, that although the Fe—O
bond lengths in ferrihydrite have their greatest
similarity to those of goethite, the Fe—Fe bond
distances are similar to those of akaganéite rather
than goethite. Accordingly, it was concluded that the
FeOs polyhedra in ferrihydrite must be systemati-
cally different from those in goethite. Nevertheless,
the structures of goethite, akaganéite, and ferrihy-
drite are similar in that all consist of edge-sharing
Fe octahedra cross-linked by double corners to form
chains. In ferrihydrite, however, the length of the
chains is extremely short, thereby resulting in a
tremendous increase in chain terminations and in a
commensurate increase in unshared sites available
for adsorption.

Because the structure of ferrihydrite has not been
incontrovertibly solved, the composition of the min-
eral remains enigmatic. The widely accepted nomi-
nal formula of ferrihydrite, 5Fe,03:9H,0, seems to
be excessively hydrous. Ferrihydrite with adsorbed
Si or Ge and a negligibly small OH content is known,
and an arsenate-bearing ferrihydrite having the
composition Fep206AS0.13900.655H0.000 has been synthe-
sized. If the nominal formula of ferrihydrite is recast
to a hematite-like form, the result is Fe,O3-1.8H,0.
The calculated formula for one ordered ferrihydrite
is Feg28200521H0 197; When recast to the hematite-like
form as above, this becomes Fe,03:0.70H,0, which
is a substantial decrease in water content. If the
goethite-like structural units proposed for ferrihy-
drite are valid, the adopted density of 3.1—3.3 g/cm?
seems to be rather low in comparison with the
densities of goethite and lepidocrocite, both of which
are in the range 4.0—4.2 g/cm?. If the formula for
goethite is used as an initial model for ferrihydrite,
then the cell dimensions derived for “ordered” ferri-
hydrite (a = 2.96, ¢ = 9.40 A) yield a calculated
density of 4.14 g/lcm?® for FeOOH and two formula
weights per unit cell (Z = 2). For defective ferrihy-
drite, a cell with a =5.126, ¢ = 4.70 A was calculated,
which gives Dcqc = 4.14 g/cm? for Z = 6, which is an
appropriate Z value for a hexagonal cell. One could
assume, therefore, that the periodic and nonperiodic
phases correspond to hexagonal or pseudohexagonal
units. Taking into account the possibility of exces-
sive, nonessential water in the formula for ferrihy-
drite, it could be further speculated that the formula
is of the type FeO[(O,0H);_«y] or FeO(O,0H). At
the extreme, the latter would correspond to FeO-
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(Oosos), yielding a density of 3.72 glcm3. The
extreme composition corresponds to that of hematite
or maghemite, so presumably the transformation
from ferrihydrite would already have taken place.
Intermediate compositions, however, would contain
some OH, and would yield calculated densities be-
tween 3.72 and 4.14 g/cm3. It is interesting to note
that a density of 3.96 g/cm?® was obtained by Towe
and Bradley for ferrihydrite.

In the laboratory, 2-line ferrihydrite is prepared
by rapid oxidation of Fe(ll) solutions, or by rapid
neutralization of Fe(I11) solutions. The more crystal-
line 6-line variety of ferrihydrite forms by hydrolysis
of Fe(l11) solutions, typically at elevated temperature
and low pH. Precipitation is initially accompanied
by a rapid pH change, which slows after the first
hour; aging for 2—4 h is necessary to stabilize the
suspensions.

Because of their variable X-ray diffraction patterns
and chemical compositions, both synthetic and natu-
ral ferrihydrites generally must be characterized
using a variety of complementary techniques. Infra-
red spectroscopy is useful for identifying ferrihydrite
and helping to differentiate it from the similar
mineral, schwertmannite. Differential dissolution
techniques help to separate ferrihydrite from a
number of similar iron compounds, whereas both
Mossbauer spectroscopy and TG-DTA analyses pro-
vide complementary and confirmatory evidence. It
would, however, be useful to develop a single defini-
tive characterization procedure for ferrihydrite.

The large surface area (>340 m?g) and high
reactivity of ferrihydrite make it an important ad-
sorbent of trace metals, anions, and organic species
in both surface and groundwater systems. A wide
range of metal ions has been adsorbed, commonly in
amounts up to 10% of the dry mass of the ferrihy-
drite. The mechanism by which various metals bind
to ferrihydrite has been examined by EXAFS spec-
troscopy. In many instances, the metal ions adsorb
as inner-sphere complexes that are edge-linked to the
Fe(O,0OH)s octahedra of ferrihydrite. Ferrihydrite
also adsorbs most of the common anions; the oxygens
in the anion bond to the surface OH groups in the
ferrihydrite. The adsorption of several percent of Si
or P has been demonstrated, and in all instances the
extent of species adsorption depends strongly on the
concentration and pH of the solution. Adsorption on
ferrihydrite helps to control the migration of a
number of species in the environment.

The dry thermal transformation of ferrihydrite
proceeds at <400 °C to either hematite or goethite.
Fine particle sizes lead to direct hematite formation,
whereas coarser material initially generates goethite.
The presence of adsorbed species increases the trans-
formation temperature; for example, 25 mol % Si in
ferrihydrite elevates the transformation to 800 °C.
The aqueous transformation of ferrihydrite is com-
plex and depends on the temperature, pH, and the
presence of various cations, anions, and organic
species in the reaction slurry. Two different reaction
pathways have been identified: a dissolution—repre-
cipitation mechanism for the transformation to goe-
thite, and a dissolution—solid state transformation
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process to hematite. Generally, higher temperatures
favor the transformation of ferrihydrite to hematite,
but the reaction is dependent on the pH of the slurry.
The presence of organic species usually leads to an
increase in the relative proportions of hematite to
goethite in the transformation slurry, and it is
believed that the organic species adsorb on the
ferrihydite, thereby retarding its dissolution and
subsequent reprecipitation. Inorganic anions and
cations also favor the transformation to hematite,
and the effect is related to adsorption on ferrihydrite
that retards its dissolution. Both phosphate and
silica adsorb extensively, and both species signfi-
cantly stabilize ferrihydrite to aqueous transforma-
tion.
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