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Abstract—Soil formation usually results in an increase in magnetic susceptibility. The magnetic
properties of the products of transformation of ferrihydrite, a typical precursor of other soil Fe oxides, were
examined in the present work. Synthetic 2-line ferrihydrite was aged at two temperatures (25 and 50ºC) and
two different relative humidities (80 and 100%) in the presence of silicate, phosphate, citrate, and tartrate
as adsorbed ligands (molar anion/Fe ratio = 1�3%). The ligands delayed or prevented the transformation of
ferrihydrite to hematite. The magnetic susceptibility of the ferrihydrite transformation products increased
with aging, the rate of increase depending on the type of ligand added and its concentration. The largest
increase in magnetic susceptibility, sixfold, was obtained with ferrihydrite in a citrate/Fe ratio of 1%, after
1500 days. The resulting magnetic products exihibited superparamagnetic behavior at room temperature
and high coercivity at 5 K. The formation of an intermediate ferrimagnetic phase in the ferrihydrite-to-
hematite transformation might explain the magnetic enhancement observed in many aerobic soils lacking
other sources of magnetic minerals.
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INTRODUCTION

The formation of Fe oxides (a term used here to

describe oxides, hydroxides, and oxyhydroxides of Fe)

in soils and sediments is governed by environmental

factors such as temperature, moisture content, aeration,

pH, and the concentrations of various ions in solution

(Cornell and Schwertmann, 2003, and references

therein). Generally, the first product of the weathering

of primary Fe-bearing minerals is ferrihydrite, a low-

crystallinity Fe oxyhydroxide (Fe5HO8·4H2O). This

mineral can be further transformed via different path-

ways to the more common crystalline Fe oxides �
goethite (a-FeOOH) and hematite (a-Fe2O3), mainly.

The transformation of ferrihydrite to hematite occurs via

a mechanism involving dehydration and rearrangement

favored by high temperature, low water activity, and

near-neutral pH values (Torrent and Guzmán, 1982;

Torrent et al., 1982; Schwertmann, 1985; Gálvez et al.,

1999). Foreign ions can be adsorbed onto the ferrihydrite

surface and affect its rate of transformation and the

nature of the end products (e.g. their hematite/goethite

ratio) (Cornell and Schwertmann, 2003). Barrón and

Torrent (2002), Barrón et al. (2003), and Liu et al.

(2008) showed that the presence of adsorbed phosphate

and citrate delayed the hydrothermal (T>100ºC) trans-

formation of ferrihydrite to hematite and produced an

intermediate magnetic phase which was designated

‘hydromaghemite’ on account of its similarity to

maghemite (g-Fe2O3): the X-ray diffraction (XRD)

pattern and Mössbauer spectrum for such a phase are

consistent with the presence of an intimate mixture of

6-line ferrihydrite and defective maghemite, even though

the transmission electron microscopy (TEM) images

only show optically homogeneous particles spanning a

narrow size-distribution range (10�25 nm).

The origin of the unbalanced magnetic moment in

hydromaghemite remains obscure. Recent synchrotron-

based X-ray total scattering observations suggest that

synthetic ferrihydrites with average domain sizes of 2, 3,

and 6 nm differ little in terms of the underlying

structure; the differences in their diffraction patterns

have been ascribed to changes in average size in the

coherent scattering domains (Michel et al., 2007b).

Michel et al. (2007a) also proposed a new structure for

ferrihydrite containing 20% of tetrahedrally and 80% of

octahedrally coordinated Fe. This structure leads to an

unbalanced magnetic moment and can thus result in

significant ferrimagnetism, especially in the best-

ordered ferrihydrite types (i.e. those with more than

three XRD lines). In this context, hydromaghemite could

be the final step in the progressive crystallization,

increase in crystal size, and build-up of a net magnetic

moment preceding the transformation to hematite. As

previously reported for the transformation of stoichio-

metric maghemite to hematite (Chernyshova et al., 2007;

Bomatı́-Miguel et al., 2008; Navrotsky et al., 2008) and

g-Al2O3 to a-Al2O3 (McHale et al., 1997), such a

transformation is likely to depend on particle size;

surface-enthalpy calculations indicate that the g phase
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becomes unstable relative to the a phase at smaller than

a certain surface area (i.e. greater than a certain particle

size).

The evolution of 2-line ferrihydrite at temperatures

and water activities typical of Earth-surface environ-

ments are shown here to involve a progressive increase

in magnetic susceptibility before eventual transforma-

tion to hematite. The potential significance of the

magnetic enhancement in soils lacking other sources of

magnetic minerals is also discussed.

MATERIALS AND METHODS

Various 2-line ferrihydrites were prepared by neu-

tralizing 0.1 M Fe(NO3)3 with 5% NH4OH to a final pH

of 7 in the presence of either silicate, phosphate, tartrate,

or citrate at an initial anion/Fe mole ratio of 0, 1, 2, or

3%. No greater ratios were used as they are unlikely to

occur in natural environments and have been found to

prevent the transformation of ferrihydrite (Cornell and

Schwertmann, 2003). The ferrihydrite precipitates

obtained were washed with deionized water by repeat-

edly centrifuging the suspension and decanting the

supernatant until the electrical conductivity of the

equilibrium solution was <10 mS cm�1. Then they were

freeze-dried and ground to a fine powder. For the

ferrihydrite transformation experiments, ~1 g of the

powder was spread onto the bottom of a cylindrical

polystyrene container, 2.5 cm in diameter, which was

placed in a humidity chamber. The transformation was

studied at two temperatures (25 and 50ºC), two water

activities (0.8 and 1), and in the presence of four anions

(silicate, phosphate, citrate, and tartrate) at the anion/Fe

ratios stated above. Saturated solutions of KCl (at 25ºC)

or KNO3 (at 50ºC) were placed at the bottom of the

humidity chamber to maintain the water activity at 0.8

(i.e. 80% relative humidity, RH), and pure water was

used to keep water activity at 1.0 (i.e. 100% RH).

Powder XRD patterns were obtained using a Siemens

D5000 diffractometer equipped with CoKa radiation and

a graphite monochromator, using a step size of 0.05º2y
and a counting time of 10 s. For TEM, the products were

prepared by depositing a drop of dilute aqueous suspen-

sion on a C-coated grid for examination using a JEOL

JEM-2010 instrument. The specific surface area (BET

method; Brunauer et al., 1938) and micropore surface area

(t-plot method; Lippens and de Boer, 1965) were

determined by N2 adsorption, using a Micromeritics

ASAP 2010 surface area analyzer. Color was determined

using a Varian Cary 5000 spectrophotometer equipped

with a diffuse reflectance attachment. Reflectance values

were taken at 0.5 nm intervals over the 380�710 nm

range and converted to Munsell color parameters as

reported by Barrón and Torrent (1986).

Low-field magnetic susceptibility, w, was measured

using a Bartington MS 2B dual-frequency sensor

(Bartington Instruments Ltd., Oxford, UK) at a low

frequency (0.47 kHz). Maximum magnetization (Mmax)

and coercivity (Hc) were calculated from the magnetiza-

tion curves after applying a sufficient magnetic field to

saturate the samples, i.e. 3 T at room temperature and

5 T at 5 K, using a vibrating sample magnetometer

(MLVM9MAGLAB 9T, Oxford Instruments). Samples

were prepared by packing the powder into a plastic tube

such that the axial ratio of the resulting sample was >5.

In this way, the need to correct for sample-shape

demagnetizing effects was avoided. In addition, the

variation of magnetization as a function of the tempera-

ture under heating in a constant field of 10 mT was

recorded, either after zero-field cooling (ZFC) or after

cooling in a field of 10 mT (FC). The ZFC/FC curves

provide information about the blocking temperature (TB)

below which magnetization is stable against thermal

agitation, hysteresis occurs, and superparamagnetism

disappears. For a particle of volume, V, and uniaxial

anisotropy, the blocking temperature depends on the

anisotropy and particle volume as follows (Cullity,

1972):

TBkB = KeffV ln (tm/t0) (1)

where kB is the Boltzmann constant; Keff, the anisotropy

constant; tm, the measuring time; and t0 = 10�9�10�11 s,

according to the Néel-Brown model (Coffey et al., 1993).

Therefore, for vibrating sample magnetometer measure-

ments, TB = KeffV/25 kB

RESULTS

Transformation of pure ferrihydrite

Pure ferrihydrite was gradually transformed to

hematite on aging at 50ºC at 100% RH. As can be

seen from the XRD patterns for the 0�90 day aging

period (Figure 1), the two broad peaks typical of 2-line

ferrihydrite were gradually replaced by the sharp peaks

typical of highly crystalline hematite, consistent with the

results of similar previous experiments (e.g. Torrent et

al., 1982). Under the TEM, the aged ferrihydrite at 50ºC

and 100% RH for 25 days (Figure 2b) looked very

similar to the fresh ferrihydrite (Figure 2a) and exhibited

aggregates of subspherical particles 4�6 nm in size.

However, the hematite formed after 90 days exhibited

rounded particles of 25�50 nm (Figure 2c). The specific

surface area of the initial ferrihydrite was 297 m2 g�1

(98% in micropores), and that of hematite, 72 m2 g�1

(with a negligible proportion of micropores). The color

(Munsell notation) was 3.96 YR 2.9/2.9 for the initial

ferrihydrite and 8.7R 3.4/4.1 for the resulting hematite.

By contrast, no changes in XRD pattern, particle

morphology, color, or specific surface area were

observed in pure ferrihydrite aged at 25ºC for 1200 days.

The increase in w for pure ferrihydrite aged at 100%

RH (Figure 3) was sustained, but modest, at 25ºC (from

1.2610�6 m3 kg�1 at day 0 to 2.2610�6 m3 kg�1 at day

1500). By contrast, the initial rate of increase in w was
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much greater at 50ºC; thus, w was 2.4610�6 m3 kg�1 at

day 50. Then, w dropped sharply to ~0.5610�6 m3 kg�1

at day 90 when, based on the XRD pattern, conversion to

hematite was essentially complete. In summary, the

effect of increasing the temperature was an accelerated

magnetic enhancement and the transformation of the

intermediate phase to hematite.

The experiments conducted at 80% RH provided

similar results (not shown), the difference being that the

rates of change of w and transformation of ferrihydrite to

hematite were slightly smaller at 80% than at 100% RH.

This was also the case with adsorbates described below.

For this reason, only the results of the experiments

performed at 100% RH are discussed in the following

sections.

Transformation of ferrihydrite in the presence of foreign

anions

As with pure ferrihydrite, increasing the temperature

accelerated the magnetic enhancement and the eventual

transformation of the anion-doped ferrihydrites to

hematite. For this reason, only the results obtained at

50ºC are shown (Figure 4).

Increasing the anion/Fe ratio from 1 to 3% decreased

the rate of increase of w with all anions (i.e. the adsorbed

anions delayed magnetic enhancement in the intermedi-

ate phase). The adsorbed anions also retarded or

prevented further transformation of this phase to

hematite (as suggested by a sharp drop of w to a value

of ~0.5610�6 m3 kg�1). Therefore, no hematite was

Figure 1. XRD patterns for the succesive products obtained by

aging pure ferrihydrite at 50ºC at 100% RH for 90 days.

Figure 2. TEM images of (a) fresh ferrihydrite, (b) the product

obtained by aging at 50ºC and 100% RH for 25 days, and

(c) hematite formed at 50ºC at 100% RH after 90 days.
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formed at phosphate/Fe ratios of 2 and 3% or at any

citrate/Fe ratio. Both the capacity of the different anions

to hinder crystallization and the maximum value of w
increased in the following sequence: silicate < tartrate <

phosphate < citrate. This sequence coincides with that of

affinity of the anions for the Fe oxide surfaces (Cornell

and Schwertmann, 1979; Reeves and Mann, 1991;

Glasauer et al., 1999; Gálvez et al., 1999).

In contrast to the aforementioned hydromaghemite-

rich samples prepared from anion-doped 2-line ferrihy-

drite at >100ºC (Barrón and Torrent, 2002; Barrón et al.,

2003, Liu et al., 2008), using XRD, TEM, or Mössbauer

spectroscopy to identify and characterize the intermedi-

ate phase responsible for the several-fold magnetic

susceptibility enhancement observed in some samples

was not possible. According to the Arrhenius law, an

extrapolation of the results from high- to room-

temperatures should lead to aging times of several

thousand years to obtain the same product. Nevertheles,

the hysteresis loops and the ZRC/FC curves provided

more magnetic information about the properties of this

intermediate phase.

Superparamagnetic behavior was observed at room

temperature in all the intermediates, whether or not an

Figure 3. Magnetic susceptibility as a function of aging time for

the products formed from pure ferrihydrite at 25 and 50ºC, at

100% RH.

Figure 4.Magnetic susceptibility as a function of aging time (at 50ºC at 100%RH) for the products formed from ferrihydrite prepared

in the presence of silicate, tartrate, phosphate, or citrate, at an anion/Fe mole ratio of 0, 1, 2, or 3%.
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additive was used (Figure 5). However, for the 1%

citrate ferrihydrite, the Langevin curvature started to

become visible at lower H values, suggesting an

increased spin order. At 5 K, the intermediate samples

exhibited ferromagnetic behavior, with hysteresis loops

and an extremely large coercivity (200 mT; Figure 5)

which is typical of magnetic particles such as ferrihy-

drite (Duarte et al., 2006) or maghemite smaller than a

certain critical size with an extra source of anisotropy

apart from the crystalline one (Morales et al., 1999).

Maximum magnetization (Mmax) was increased by the

presence of additives, where it followed the same trend

as at room temperature. The greatest Mmax value,

15.5 Am2kg�1, was that for the sample treated with

1% citrate and the lowest, 12 A m2 kg�1, that for pure

ferrihydrite. Increased Mmax values can be associated

with the greater spin-order structures of the coarser

particles or to surfaces containing a smaller proportion

of defects. Indeed, the magnetic behavior of an assembly

of magnetic nanoparticles, with a volume distribution

and randomly oriented easy axis, poses a complex

problem due to the coexistence of finite size and surface

effects in addition to the presence of magnetic inter-

particle interactions (Battle and Labarta, 2002).

The ZFC/FC measurements for the ferrihydrite

treated with 1% citrate in the initial state and after

1100 days of aging (Figure 6) showed that the samples

were superparamagnetic at room temperature and

become blocked below the blocking temperature (TB),

which is 57 K for the initial ferrihydrite and 61 K for the

aged ferrihydrite. Note that TB is related to anisotropy

and particle size in such a way that low TB values

correspond to low anisotropy or small particle sizes

(equation 1). The shape of the ZFC/FC curves is

consistent with a narrow particle-size distribution for

both samples. Some aggregation may also occur, as

suggested by the differences between the ZFC and the

FC curves above TB.

DISCUSSION

Aggregation, dehydration, and transformation of

ferrihydrite to hematite are quick in the presence of

few or no adsorbates. As a result, the formation of a well

crystallized ferrihydrite intermediate is imperceptible.

By contrast, when adsorbed ligands are present in

significant amounts, the pristine ferrimagnetic behavior

Figure 5. Magnetization curves (magnetic moment M vs.

external magnetic field (Tesla)) obtained at room temperature

and 5 K for pure ferrihydrite aged for 50 days and ferrihydrites

prepared in the presence of phosphate (anion/Fe mole ratio of

3%) or citrate (anion/Fe mole ratio of 1%) aged at 50ºC at 100%

RH for 1100 days.

Figure 6. Temperature dependence of the magnetic suscept-

ibility under field-cooled (FC) at 10 mT and zero-field-cooled

(ZFC) conditions for the initial ferrihydrite prepared in the

presence of citrate (anion/Fe mole ratio of 1%) and aged at 50ºC

at 100% RH for 1100 days.
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of successive intermediates in the slow ferrihydrite-to-

hematite transformation is quite apparent. Such ferri-

magnetic behavior may be related to subtle changes in

the structure of ferrihydrite; this is a subject of some

debate (Jambor and Dutrizac, 1998). By using extended

X-ray absorption fine structure (EXAFS) and Fe X-ray

absorption near edge structure (XANES) (Manceau and

Gates, 1997; Wilke et al., 2001), and neutron diffraction

(Jansen et al., 2002), no tetrahedral Fe was detected in

ferrihydrite. By contrast, Eggleton and Fitzpatrick

(1988) using XRD, Zhao et al. (1994) using EXAFS

and XANES, and Janney et al. (2000, 2001) using

nanodiffraction measurements found that Fe can occur in

both tetrahedral and octahedral coordination in ferrihy-

drite. Michel et al. (2007a) performed total elastic X-ray

scattering experiments on 2-, 3-, and 6-line ferrihydrites

and proposed a new structure model based on pair-

distribution function calculations. This structural model

incorporates 20% of tetrahedrally and 80% of octahed-

rally coordinated Fe in an arrangement that might result

in ferrimagnetic behavior. The calculated XRD patterns

for this structure are similar to the experimental XRD

patterns with 10 broad lines obtained in ferrihydrite

hydrothermal transformation experiments (Barrón et al.

2003). However, in the present room-temperature

experiments, only two broad lines were observed in the

XRD pattern, even for the intermediates exhibiting the

greatest magnetic susceptibility.

The opportunities for crystal growth and reordering

of ferrihydrite (and concomitant magnetic enhancement)

before transformation to hematite are limited. In this

respect, the relative stability of the g- and a-Fe(Al)2O3

phases (McHale et al., 1997; Chernyshova et al., 2007;

Bomatı́-Miguel et al., 2008; Navrotsky et al., 2008) is

size dependent, so a crossover surface enthalpy energy

for a specific surface area of ~75 m2 g�1 (~20 nm

particle size) determines the phase transformation from

the nanosized g phase (maghemite) to the a phase

(hematite) with larger crystals. This could also apply to

the ferrihydrite transformation, where increases in

crystal size and magnetic susceptibility can be observed

only if the presence of adsorbates or the low temperature

hinders the formation of hematite.

The magnetic behavior of ferrihydrite has usually

been associated with an antiferromagnetic spin arrange-

ment within the core and a small unbalanced magnetic

moment arising from defects inside particles and/or from

unpaired surface moments (Zergenyi et al., 2000). Based

on the aforementioned new structural model (Michel et

al., 2007a), however, a ferrimagnetic behavior can result

from the arrangement of magnetic moments at tetra-

hedral and octahedral sites, which would be consistent

with values of up to 10 Bohr magnetons per unit cell

(equivalent to Ms 68 A m2 kg�1). A similar value was

obtained for citrate ferrihydrite aged at 150ºC, which

exhibited high crystallinity (Barrón et al., 2003). The

much lower Mmax values for the intermediate products

studied in this work are consistent with substantially

lower crystallinity. The disparate magnetization values

obtained suggest a greater spin order for the samples

synthesized in the presence of additives. Thus, additives

adsorbed onto the surface of the initial particles slowed

any transformation process, thereby facilitating the

formation of an intermediate phase with a greater spin

order structure. Moreover, the presence of adsorbed

additives might have reduced spin canting and increased

saturation magnetization as a result. Surface-coating

effects on the magnitude and uniformity of magnetiza-

tion in various types of nanoparticles have previously

been reported and assigned to quenching of surface

moments (Vestal and Zhang, 2003).

The coercivity at low temperature was similar in all

samples studied, probably as a result of competition

between many different factors including size, surface

effects, and magnetic interactions (Battle and Labarta,

2002). An increased spin order inside and at surfaces

reduces coercivity; on the other hand, small particle size

and interactions between particle scaling with the

magnetic moment increase coercivity. Therefore, the

presence of additives results in smaller particles of

enhanced coercivity. Conversely, the adsorption of

additives reduces surface anisotropy (by reducing spin

canting), and hence coercivity. These results are

consistent with the large anisotropies (up to 50 times

greater than those of typical magnetic Fe oxides) of

ferrihydrites prepared by different methods (Duarte et

al., 2006; Silva et al., 2006).

The time course of w suggests that the magnetic

behavior of the 1% citrate ferrihydrite is governed by

particle size rather than by anisotropy changes. Thus, the

slight increase in TB with time for the aged sample

relative to the initial ferrihydrite (Figure 6) indicates a

reduction of the energy barrier (KeffV), which, as noted

before, depends on anisotropy and particle volume. The

crystal anisotropy constant is not expected to change

with time during the growth process because the crystal

structure does not change significantly (judging by the

XRD data, Figure 1). Moreover, ferrihydrite particles

with different XRD patterns have been shown to possess

the same crystal structure irrespective of particle size

(Michel et al., 2007b). A similar effect of particle size

on TB was previously observed for magnetite nanopar-

ticles coated with oleic acid (Guardia et al., 2007).

As proposed by Barrón and Torrent (2002) and

Torrent et al. (2006), the formation of ferrimagnetic

ferrihydrite (a ‘hydromaghemite’ phase) from the

ferrihydrite generated by the weathering of Fe-bearing

minerals might be a significant cause of the magnetic

enhancement of soil. This hypothesis is plausible for

soils in which the parent materials lack magnetite, or in

which past fires were not intense enough for other Fe

oxides to be thermally transformed to maghemite

(Schwertmann, 1985). The presence and concentration

of natural organic and inorganic ligands adsorbed on
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ferrihydrite can obviously control the rate of transforma-

tion to, and residence time of, this intermediate magnetic

phase before its final conversion to hematite. In any

case, the crystallization of ferrihydrite in aerobic soils

under temperate and warm climates ultimately results in

the formation of hematite. For this reason, one can

expect the hematite content and magnetic susceptibility

(a proxy for the content in the intermediate ferrimagnetic

phase) in these soils to be correlated, as is indeed the

case (Torrent et al., 2006, 2007)
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