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Effects of crystallite size on the structure and
magnetism of ferrihydritet

Xiaoming Wang,®® Menggiang Zhu,® Luuk K. Koopal,© Wei Li,* Wengian Xu,®
Fan Liu,® Jing Zhang,” Qingsong Liu,®" Xionghan Feng*® and Donald L. Sparks'

The structure and magnetic properties of nano-sized (1.6 to 4.4 nm) ferrihydrite samples are systematically
investigated through a combination of X-ray diffraction (XRD), X-ray pair distribution function (PDF), X-ray
absorption spectroscopy (XAS) and magnetic analyses. The XRD, PDF and Fe K-edge XAS data of the
ferrinydrite samples are all fitted well with the Michel ferrinydrite model, indicating similar local-, medium-
and long-range ordered structures. PDF and XAS fitting results indicate that, with increasing crystallite size,
the average coordination numbers of Fe-Fe and the unit cell parameter c increase, while Fe2 and Fe3 va-
cancies and the unit cell parameter a decrease. Mdssbauer results indicate that the surface layer is relatively
disordered, which might have been caused by the random distribution of Fe vacancies. These results sup-
port Hiemstra's surface-depletion model in terms of the location of disorder and the variations of Fe2 and
Fe3 occupancies with size. Magnetic data indicate that the ferrihydrite samples show antiferromagnetism
superimposed with a ferromagnetic-like moment at lower temperatures (100 K and 10 K), but ferrihydrite is
paramagnetic at room temperature. In addition, both the magnetization and coercivity decrease with in-
creasing ferrinydrite crystallite size due to strong surface effects in fine-grained ferrihydrites. Smaller
ferrihydrite samples show less magnetic hyperfine splitting and a lower unblocking temperature (Tg) than
larger samples. The dependence of magnetic properties on grain size for nano-sized ferrinydrite provides a
practical way to determine the crystallite size of ferrihydrite quantitatively in natural environments or artifi-
cial systems.

Despite numerous studies, the surface structure and magnetism of ferrihydrite are still not clearly understood. In this study, ferrihydrite samples with
different crystallite sizes were found to share similar short-, medium- and long-range structures, but with decreasing size, the Fe-Fe coordination numbers
decreased and the surface layer disorder increased. An investigation of the magnetization indicated that magnetization decreases with increasing size.

Smaller samples exhibit lower magnetic-order temperature and unblocking temperatures. In contrast, for ordered, relatively large ferrihydrites, magnetic
enhancement with size was found. It is therefore predicted that the change in magnetization with size likely has a minimum. The present structure and
magnetization results significantly contribute to the understanding of the ferrihydrite structure, its surface reactivity and its magnetic behavior in the

environment.
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Introduction

Metastable nano-crystalline ferrihydrites are ubiquitous in
environmental systems including surface water, soils, sedi-
ments, living organisms and even extraterrestrial sub-
stances." Ferrihydrite serves as the most important precursor
for other crystalline iron (oxyhydr)oxides (i.e., hematite and
goethite) produced in the natural environment during
weathering or pedogenic processes.””> Among natural iron ox-
ides, ferrihydrite has the smallest particle size, generally
ranging from 1 to 7 nm,*® which leads to ferrihydrite having
a strong cementing capacity, large surface area and high reac-
tivity.® Therefore, it plays an important role in the formation
of soil aggregates and the mobility and bioavailability of con-
taminants and nutrients"®™*" and has been widely applied in
the degradation of organic contaminants'> and removal of in-
organic pollutants, such as phosphate,"® arsenic(m),"* and
heavy metals."®

Based on the number of peaks resolved from powder X-ray
diffraction (XRD) patterns, two types of ferrihydrite are com-
monly distinguished, namely two-line ferrihydrite (2LFh) and
six-line ferrihydrite (6LFh).> They differ mainly in their crys-
tallite size and degree of structural disorder.'® Most 2LFh
particles have a crystallite size of ~2 nm and a highly
defected and water-rich structure.'”'® The largest synthesized
ferrihydrite particles (10-12 nm) are ordered ferrimagnetic
ferrihydrite (ferrifh) particles formed by the hydrothermal ag-
ing of 2LFh at 175 °C in the presence of citrate.'® Ferrifh has
an ordered, largely defect-free structure with fewer cation va-
cancies and less lattice strain than 2LFh.'® For particles
larger than 8 nm, the ferrihydrite thermodynamic stability
sharply drops with increasing particle size, leading to the for-
mation of nano-goethite and nano-hematite."**°

Due to the poorly crystalline nature of ferrihydrite, its
structure has still not been fully resolved, especially its sur-
face structure and the origin of the disorder. An early struc-
tural model by Drits et al.'® suggested that ferrihydrite is a
multiphase material. More recently, based on X-ray pair dis-
tribution function (PDF) analysis, Michel et al.'®*" proposed
a single-phase model for ferrihydrite with a basic structure
related to the Baker-Figgis 8-Keggin cluster®” consisting of 13
iron atoms and 40 oxygen atoms,”’ which was most recently
evidenced by Sadeghi et al.>* According to Michel et al.,>" the
ideal structure of ferrihydrite consists of three types of Fe
sites (Fel, Fe2 and Fe3). Fel and Fe2 (60% and 20% of the to-
tal Fe sites, respectively) are octahedrally coordinated, while
Fe3 (20%) is tetrahedrally coordinated. However, the Michel
model is controversial in relation to the valence bond theory,
and the calculated composition disagrees with some experi-
mental data.>® Furthermore, the model data cannot correctly
reproduce all the XRD peaks of 6LFh,>>?® while the XRD data
of ferrifh can be fitted well with the Michel model.'® Most re-
cently, Hiemstra'’ proposed a modified Michel model in
which the ferrihydrite consists of a defect-free mineral core
and a defect- and water-rich surface layer that is depleted in
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the Fe2 and Fe3 polyhedra. Hence, all disorder is projected
in the surface layer. According to this model, dehydration al-
ters only the ferrihydrite surface layers without changing the
structure of the mineral core, which is in good agreement
with the experimental observation by Xu et al>’ that 2LFh
was largely dehydrated to ordered ferrihydrite without signifi-
cant changes in the mineral structure.

For iron oxide nanoparticles, several size-dependent physi-
cochemical  properties have  been  reported for
ferrihydrite,">'”"® as well as for hematite and goe-
thite.*'*?®2% In general, the complex nature of the magne-
tism of iron oxide nanoparticles is well studied.>® However,
the effects of the crystallite size of ferrihydrite on its mag-
netic properties are not fully explored. It has been reported
that both 2LFh*' and 6LFh®* display antiferromagnetism as
well as weak ferromagnetic-like behavior at low temperature
and superparamagnetic behavior, with a low-temperature
transition between blocked and unblocked magnetic states.
Upon aging of phosphated ferrihydrite (2LFh),’ a maghemite-
like phase (ferrimagnetic) named “hydromaghemite” is
obtained as an intermediate product, while no ferrimagnetic
phases appear upon aging of 6LFh with adsorbed phos-
phate.*® As mentioned above, aging 2LFh in the presence of
citrate leads to the formation of large crystallites of ordered
ferrimagnetic ferrihydrites (ferrifh) as a metastable interme-
diate product.'® Furthermore, the incorporation of foreign el-
ements into ferrihydrite may change its magnetic properties;
for instance, upon incorporating Si, the magnetic-ordering
temperature decreases with increasing Si content in
ferrihydrite.>*>°

To extend our knowledge of the dependence of the mag-
netic properties of ferrihydrites on their crystallite sizes and
structure, the magnetic properties of four extremely fine-
grained (~1-5 nm) ferrihydrite samples have been investi-
gated in the present study. The key factor for such small
particles is the large contribution of the surface layer to the
particle behavior. Therefore, the surface layer effects will be
most clearly revealed with such particles, and the results
should be well suited for elucidating whether and how sur-
face layer defects affect the magnetic properties. Alternatively,
magnetization results may provide information on the sur-
face layer structure and assist in resolving the structure dis-
pute. To achieve our goal, the structure of the four
ferrihydrite samples was characterized in detail first by using
XRD, the PDF derived from high-energy X-ray total scattering
data, and Fe K-edge X-ray absorption spectroscopy (XAS). In
principle, the structure of the particles has been analyzed on
the basis of the structural model of Michel et al>
Subsequently, the magnetic properties of ultra-fine nano-
particles were examined through magnetic susceptibility mea-
surements and Mossbauer spectroscopy. Special attention
has been paid to signals that point to surface layer defects
and a structure that may correspond to Hiemstra's model."”
The magnetization results are discussed in relation to the
structural information.
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Materials and methods
Ferrihydrite synthesis

Four ferrihydrite samples with different crystallite sizes were
synthesized by changing the hydrolysis rate of Fe** by using
different temperatures and procedures.>*® The detailed syn-
thesis procedures have been described by Wang et al.™® and
the samples were labeled as 2LFh_1, 5LFh_2, 5LFh_3 and
6LFh_4, in which the first number indicates the number of
diffraction lines in the XRD pattern, while the last number
indicates the increasing order of crystallite size."

Structural characterization of ferrihydrite samples

X-ray diffraction. The crystal structures of the ferrihydrite
samples were identified through XRD using a Bruker D8 AD-
VANCE X-ray diffractometer equipped with a LynxEye detec-
tor using Ni-filtered Cu Ko radiation (1 = 0.15418 nm). The
diffractometer was operated at a tube voltage of 40 kv and a
tube current of 40 mA with a scanning rate of 1° min™ and a
step size of 0.02°. The high-resolution XRD data of the
ferrihydrite samples were subjected to Rietveld fitting to ob-
tain the crystallize size using the program TOPAS 4.2 (SI-17).
The single-phase Michel model parameters (Michel et al.,>*
ICSD #158475), space group P6;mc and unit cell parameters a
=5.928 A, ¢ =9.126 A and v = 277.73 A® were used as the ini-
tial values for all fits.

High-energy X-ray total scattering. Synchrotron-based
X-ray total scattering data were collected using an X-ray of
38.794 keV (A = 0.3196 A) at beamline X7B, National Synchro-
tron Light Source (NSLS), Brookhaven National Laboratory
(BNL). The measurement was performed using the rapid ac-
quisition PDF method®” by employing a Perkin Elmer amor-
phous silicon detector. The image plate was exposed for 1 s
and the measurement was repeated 120 times for a total col-
lection time of 120 s for each sample. The software Fit2D**
was used to integrate and convert the 2-D raw data to 1-D
intensity versus wave vector (Q) data. The PDF, G(r), was
obtained from the Fourier transform of the reduced structure
function (S(Q)) in the range of 0.1-22 A by using the pro-
gram PDFgetx2.*

The program PDFgui was used to fit the data of G(r) func-
tions to obtain the structural parameters.’” The starting
model was based on the published structure for ferrihydrite
(ICSD #158475).>" For all fits, the following parameters were
varied during each refinement process: scale factor, vibra-
tional correlation terms (d,), unit cell parameters (a and c),
most atomic positions except for few special locations, isotro-
pic displacement parameters (U4, U,, and Usz), the occupan-
cies of Fe sites (the occupancies of Fe2 and Fe3 were set the
same because of their correlation) and the two resolution pa-
rameters, ie., damping (Qgamp) and broadening (Qproaa) fac-
tors. In addition, the coherent scattering domain (CSD) sizes
of the ferrihydrite samples were fixed at the values obtained
from the XRD fitting by assuming spherical particles.>" R,
values, calculated between riin, = 1 A and rpax = 20 A, repre-
sent the goodness-of-fit of the ferrihydrite samples.
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X-ray absorption spectroscopy. Fe K-edge XAS data for the
ferrihydrite samples were collected either at beamline X-11A
at NSLS-BNL or at beamline 1W1B at the Beijing Synchrotron
Radiation Facility (BSRF, Beijing, China). At NSLS, the
electron beam energy was 2.5-2.8 GeV, with a maximum
beam current of 300 mA. At BSRF, the electron beam energy
was 2.5 GeV, with a maximum beam current of 250 mA. The
monochromator at both beamlines consisted of two parallel
Si(111) crystals. Fe K-edge extended X-ray absorption fine
structure (EXAFS) data were collected over an energy range of
6911-7864 eV in transmission mode using an Ar-filled Lytle
detector. The monochromator was calibrated by setting the
first inflection point in the absorption spectrum of a Fe foil
to 7112.0 eV. Multiple scans (>2) were conducted for each
sample and the averaged spectra were used. All EXAFS scans
were processed using the program Athena.*’ The Autobk al-
gorithm was applied for background removal using a linear
pre-edge line between -185 and -30 eV, E, (7126 eV), and a
normalization range from 150 to 730 eV. The frequency cut-
off parameter, Ry, Was set to 0.99. Fourier transforms, (R),
were performed on k*-weighted spectra [k’y(k)] over a k range
of 2.5-11.5 A™* using the Hanning window.*> Least-squares
fitting of the Fourier-transformed k%¢(k) data was performed
using the program Artemis.”" The fit k-weight was set to 3.
The theoretical amplitude and phase-shift files for Fe-O and
Fe-Fe single-scattering paths were created using the cif file of
the Michel model (ICSD #158475)>" by applying the program
FEFF6."* The triangular Fe-O-O MS paths within the Fe(O,
OH), octahedron were calculated from an FeOg octahedron
with the program FEFF 8.2 by using an Fe-O bond distance
of 2.0 A.

Magnetic characterization of ferrihydrite samples

Mossbauer spectra. Mdssbauer spectra are commonly re-
lated to the magnetic behavior of Fe in a crystal structure,
yielding information about the Fe valence state and coordina-
tion.***> Mossbauer measurements were performed at 297 K
and 20 K in transmission mode using a constant-acceleration
spectrometer (OXFORD MS-500, Britain). The spectrometer
was operated with a >’Co/Rh source in rhodium that was cali-
brated using o-Fe. The raw data were folded to obtain a flat
background. All the spectra were fitted with Lorentzian-
shaped doublets and/or sextets using the program Recoil.*®

Magnetization measurements. A PPMS-9T vibrating sam-
ple magnetometer (QUANTUM, USA) was employed for mag-
netization measurements. First, hysteresis loops for the stud-
ied ferrihydrite samples were measured at 10, 100 and 300 K,
and the maximum applied field was set to 5 T. Then, zero-
field-cooled (ZFC) and field-cooled (FC) magnetization curves
were measured to determine the unblocking temperature
(Tg), which is sensitive to the grain-size distribution. The ZFC
curves were obtained by cooling the sample under a zero
field from 300 K to 10 K, and subsequently sweeping the tem-
perature from 10 K to 300 K under a weak applied field of 20
mT. Then, the sample was cooled under 20 mT from 300 K to

This journal is © The Royal Society of Chemistry 2016
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Fig. 1 XRD patterns of the four ferrihydrite samples (blue lines),
Rietveld fitting results (red solid lines), and difference between the

experimental data and the fit (black solid lines below the data). R, is
the goodness of fit.

10 K to obtain the FC magnetization curves. The measure-
ment step was set to 5 K.

Results

Structure of ferrihydrite

X-ray diffraction. The powder XRD patterns of the
ferrihydrite samples (blue lines) are shown in Fig. 1. In de-
creasing order, the d-spacing values of the characteristic
peaks and the corresponding diffraction indices (7kl) of 6LFh
are as follows: 2.50 A (110), 2.21 A (200), 1.96 A (113), 1.72 A
(114), 1.51 A (115) and 1.48 A (106) (JCPDS No. 29-0712).
Poorly crystalline 2LFh_1 has two broad peaks with d-spacing
(26) values of 2.50 A (35.8°) and 1.51 A (62.7°). The 5LFh_2
and 5LFh_3 samples show 5 peaks (lines) at d-spacing values
(26) of 2.50 A (35.8°), 2.21 A (40.7°), 1.96 A (46.3°), 1.72 A
(53.2°) and 1.51 A (61.9°). The 6LFh_4 sample shows six
peaks (lines); in addition to the five peaks mentioned above,
it shows a shoulder peak with a d-spacing value of 1.48 A
(63.4°). The above analysis indicates that the samples vary
from two-line ferrihydrite to six-line ferrihydrite. In addition,
from 2LFh_1 to 6LFh_4, the full width at half maximum
(FWHM) of the peaks gradually decreases, which implies that
the crystallite size gradually increases.

The results of fitting of the XRD data for the studied
ferrihydrites (red lines) using the Rietveld method are shown
in Fig. 1 and Table SI-1.f Small differences between the ob-
served and fitted patterns (grey lines) indicate that the XRD
data can be fitted well with the Michel model,>* implying that
the long-range bulk structures of 2LFh_1 to 6LFh_4 are very
similar. The excellent fitting indicates that the obtained crys-
tallite sizes are reasonable; they amount to 1.6, 2.6, 3.4 and
4.4 nm respectively for 2LFh_1, 5LFh_2, 5LFh_3 and 6LFh_4,

This journal is © The Royal Society of Chemistry 2016
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Fig. 2 Pair distribution functions [G(r) functions] of the four synthetic
ferrinydrite samples. Panel (a) shows the experimental results in the r
range of 0-50 A. In panel (b), the experimental (black blank squares)
and calculated (red solid lines) PDFs for the ferrihydrite samples are
compared in the r range of 1-20 A; the gray curves are the differences
and R,, indicates the goodness of fit. Panel (c) shows the
deconvolution of the total G(r) of 2LFh_1 in its calculated major atomic
correlations. The numbers indicate the most important peak positions.

i.e., the crystallite size increases from 2LFh_1 to 6LFh_4.
However, the obtained unit cell parameters (Table SI-11) are
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likely not entirely realistic, because there was no strict restric-
tion for the atomic positions and other structural factors dur-
ing fitting with the present method. More reliable values have
been obtained by PDF analysis.

Pair distribution function analysis. The PDFs or G(r) func-
tions of the four ferrihydrite samples are shown in Fig. 2. A
G(r) reveals peaks at characteristic atom-pair distances and
thus reflects the crystal structure. The four samples have
similar G(r)s in the r range of 0-50 A (Fig. 2a). Due to the lim-
ited CSD size, G(r) shows attenuation with increasing inter-
atomic distance (r), and the attenuation completes as r ap-
proaches the dimensions of the scattering body.””*® From
2LFh_1 to 6LFh_4, the attenuation rate decreases, and the
distances over which the attenuation completes (indicated by
the arrows in Fig. 2a) are approximately 2.0, 2.6, 3.4 and 4.4
nm for 2LFh_1, 5LFh_2, 5LFh_3 and 6LFh_4, respectively.
These sizes generally agree with the crystallite sizes obtained
through the XRD Rietveld refinement and with sizes previ-
ously obtained using transmission electron microscopy
(TEM)."

A comparison of the G(r) functions between 1 and 20 A
(Fig. 2b) reveals that all ferrihydrite samples share nearly the
same atomic arrangement, i.e., they have a similar medium-
range structure. To quantify structural variations caused by
crystallite size changes, the G(r) functions were modeled
against the Michel model.*" The R,, values indicate that the
simulated G(r) is in good agreement with the experimental
data (Fig. 2b). The results show that (Table 1), with increas-
ing crystallite size, the unit cell parameter a decreases, while
the unit cell parameter ¢ and Fe2 and Fe3 site occupancies
all increase, broadly consistent with existing reports."®*' In
addition, the deconvolution of the total G(r) in the calculated
G(r) of the Fe-O, Fe-Fe and O-O atomic pairs for 2LFh_1 is
shown in Fig. 2c. The first three peaks in the G(r) functions
correspond to (i) the Fe-O atomic pairs in the FeOg octahe-
dra with an Fe-O bond length of 1.99 A, (ii) Fe-Fe pairs
between two edge-sharing FeOy octahedra with an Fe-Fe dis-
tance of 3.04 A and (iii) Fe-Fe pairs between two corner-
sharing octahedra and/or tetrahedra with an Fe-Fe distance
of 3.43 A.

View Article Online
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X-ray absorption spectroscopy. The ferrihydrite samples
also have similar Fe K-edge X-ray absorption near edge struc-
ture (XANES) spectra (Fig. 3a). The shape and relative intensity
of the edge jump at ~7126 eV, as well as the pre-edge peak at
~7113.5 eV, corresponding well with existing reports.*>*7*
The white line for ferrihydrite is located at 7132.2 eV, and the
peak at 7147.6 €V is due to multiple scattering by the atoms
from the first and second coordination shells.*?

The k space EXAFS spectra of the samples (Fig. 3b) are
also similar and consistent with previous reports.*>*> The
peak intensities at ~5, ~7.5 and ~9.5 A (see the arrows) are
representative of high-shell backscattering signals;*> they
slightly decrease with decreasing crystallite size, suggesting a
slightly reduced number of nearest Fe neighbors.

The radial structural functions (RSFs) (i.e., Fourier trans-
form) of the K-edge EXAFS are shown in Fig. 3c. The first
large peak corresponds to the first nearest neighbors (O, OH
or OH,) of the absorbing Fe atoms, the second shell results
from Fe-Fe edge-sharing of FeOs octahedra, and the third
shell can be ascribed to Fe-Fe corner-sharing configura-
tions.”” The similar RSFs of the ferrihydrite samples suggest
that they have similar Fe local coordination environments,
consistent with the PDF results (Fig. 2). However, the ampli-
tude of the two Fe-Fe coordination peaks gradually decreases
with decreasing size, which implies decreasing average coor-
dination numbers (CNs) of neighboring Fe atoms and/or a
gradually increasing degree of disorder of Fe-Fe arrange-
ments with decreasing crystallite size.

The EXAFS spectra were fitted by including the Fe-O and
Fe-Fe single-scattering paths obtained from the Michel
model and the Fe-O-O multiple-scattering (MS) path. The
MS path parameters were correlated as described by
Mikutta.’® The spectra and the fits are compared in Fig. 3d,
and the obtained structural parameters are listed in Table 2.
The results indicate that the first-shell Fe-O coordination has
an average Fe-O bond length of 1.97 + 0.01 A for all samples
with the corresponding coordination number (CNge o) rang-
ing from 5.20 + 0.18 to 5.46 + 0.23, in good agreement with
the PDF results (Fig. 2c) and the reported XAS fitting re-
sults.’®>>%3 The average Fe-Fel distance of 3.04 + 0.01 A and

Table 1 The structural parameters obtained from PDF fitting for the studied ferrinydrite samples. Values in brackets are fitting errors

Samples
Parameters 2LFh 1 5LFh_2 5LFh_3 6LFh_4
a (A) 6.017(12) 6.010(11) 5.991(9) 5.995(9)
c(A) 9.074(33) 9.122(27) 9.142(23) 9.227(24)
Fe2 and Fe3 (occ.) 0.825(39) 0.845(38) 0.859(34) 0.882(34)
Qaamp 0.077(13) 0.090(6) 0.085(5) 0.083(4)
&, 2.70(36) 3.06(41) 2.98(42) 3.09(45)
Scale factor 1.235 1.014 1.044 0.944
Diameter (A) 16 26 34 44
Ry, (%) 17.8 18.2 20.3 23.3

a and c: unit cell parameters; Fe2 and Fe3 occ.: the occupancy of Fe2 and Fe3 were set equal; Qgamp: damping factor; d,: vibrational correlation
terms; crystallite diameters: the sp-diameters of the ferrihydrite samples were fixed at the values obtained from XRD fitting; R,, values were cal-

culated between 7y, = 1 A and ryax = 20 A.
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Fig. 3 Fe K-edge XANES (a); the k*-weighted EXAFS spectra, where the arrows indicate the main oscillations affected by the crystallite size (b); the
Fourier transforms (magnitude) of the k*-weighted EXAFS spectra (c); the radial distribution functions (symbols) and their fits using the Michel
model (red curves) (d).

Table 2 Fe K-edge EXAFS structural parameters derived from the fits of the spectra of the ferrihydrite samples. The amplitude reduction factor, So2,
was fixed at 0.83 for all samples.>? Fits were performed in R-space over an R-range of 0.8-3.5 A. The values in brackets indicate the fitting error

Samples Path R“(A) CNs? % (A% AE, (eV) R-factor’ (%)
2LFh_1 Fe-O 1.97(1) 5.20(18) 0.011 -3.4(9) 0.8
Fe-Fel 3.04(1) 2.50(40) 0.015
Fe-Fe2 3.44(1) 3.71(55) 0.015
5LFh_2 Fe-O 1.97(1) 5.46(23) 0.011 -3.5(10) 1.1
Fe-Fel 3.04(1) 2.72(51) 0.015
Fe-Fe2 3.43(1) 4.31(69) 0.015
5LFh_3 Fe-O 1.97(1) 5.44(23) 0.011 -3.6(10) 1.1
Fe-Fel 3.04(1) 2.81(49) 0.015
Fe-Fe2 3.42(1) 4.46(66) 0.015
6LFh_4 Fe-O 1.97(1) 5.29(23) 0.011 -3.4(11) 1.1
Fe-Fel 3.04(1) 2.84(50) 0.015
Fe-Fe2 3.43(1) 4.65(68) 0.015

“ Inter-atomic distances. ” Coordination numbers. ¢ Debye-Waller factors of Fe-O and Fe-Fe. The Debye-Waller factors of all samples were
around 0.011 for Fe-O and 0.015 for Fe-Fe determined from the R-space fit. Then, the Debye-Waller factors of Fe-O and Fe-Fe of all samples
were fixed to these values to allow an equal comparison of the other parameters. ¢ AE, is the threshold energy correction. ° R-factor indicates
the goodness of the fits.

the Fe-Fe2 distance of 3.43 + 0.02 A correspond to, respec-  values are in good agreement with the PDF results (Fig. 2c).
tively, two edge-sharing FeO, octahedra and two bent corner- ~ With the crystallite size increasing from 2LFh_1 to 6LFh_4,
sharing FeOg octahedra or to corner sharing between an FeOs  the CNs of Fe-Fel and Fe-Fe2 increase from 2.50 + 0.40 to
octahedron and an FeO, tetrahedron.”””> Further, these  2.84 + 0.50 and from 3.71 + 0.55 to 4.65 + 0.68, respectively.
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The general conclusion based on the analysis results of
the XRD, PDF and X-ray absorption spectra is that the stud-
ied samples possess a common long-, medium- and local-
range structure. The ferrihydrite crystallite size has little in-
fluence on the average Fe-O, Fe-Fel and Fe-Fe2 coordination
distances, but the average Fe-Fe CNs increase with increasing
size of the ferrihydrite crystallites. The variation of CNs is
consistent with classic particle size effects, i.e., smaller parti-
cles have less neighboring Fe atoms around each Fe center
because the percentages of the surface Fe sites increase with
decreasing size, leading to less neighboring Fe. In addition,
this also implies a weaker order of Fe-Fe arrangements for
smaller ferrihydrites, whereas the location of the disorder
could not be revealed. In the next section, it will be shown
that the analysis of the Mossbauer spectra at 295 K provides
further information.

Mossbauer spectra at room temperature

At 295 K, the Mossbauer spectra of all ferrihydrite samples
present a paramagnetic doublet (Fig. 4a and b). The first set
of average parameters was obtained by fitting the spectra
with one doublet (Fig. 4a). The results show (Table 3) that
the central shifts (C;) for samples of different sizes are close
to each other and range from 0.343 to 0.360 mm s '; the
quadrupole splittings (Qs) range from 0.717 to 0.625 mm s
and show a decreasing trend with increasing crystallite size.
These values are consistent with the one-doublet fitting re-
sults previously reported.>>* However, due to the broad dou-
blets and high line widths observed in the present samples,
the use of only one doublet is insufficient for good fits; this
is also indicated by the high x> values (Table 3).

Using two doublets provides better fits of the spectra
(Table 3) and may allow for a distinction between the core and
surface regions of the particles.>™” The range of C, values is
similar to that for one-doublet fitting and the variation in the
Cs values is not correlated with the crystallite size of the
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ferrihydrites. The Qg values of the ferrihydrite samples
obtained with two-doublet fitting slightly decrease (for both
sites) with increasing crystallite size. According to Cornell and
Schwertmann,” relatively high Q values correspond to a high
degree of distortion of FeO, octahedra. Therefore, the present
results indicate that the degree of distortion of the FeO4 octa-
hedra increases with decreasing crystallite size, similar to the
results of one-doublet fitting. Additionally, the Qg values for
doublet 1 are larger than those for doublet 2, implying that
doublet 1 belongs to FeOg octahedra in the surface layer.”

The site populations of doublet 2 (core) are larger than
those of doublet 1 (layer), and the difference between them
increases with increasing crystallite size, which results from
an increasing surface layer contribution with decreasing crys-
tallite size. The site population of doublet 1 is plotted against
the crystallite size, wherein a gradually decreasing trend is
observed for the site population with crystallite size. The
magnitude of the site population of doublet 1 is approxi-
mately 40% for 2LFh_1 and 5LFh_2 and approximately 33%
for 5LFh_3 and 6LFh_4. These results indicate that the con-
tribution of the surface layer increases with decreasing crys-
tallite size. As the surface layer becomes more disordered
(higher Q) than the core, the disorder will progressively in-
crease with decreasing crystallite size. The combination of
this information with the PDF fitting results (a certain
amount of Fe vacancies exists in the structure) indicates that
the disordered surface structure is derived from the random
arrangement of Fe vacancies at or near the surface as well as
minor stacking faults. The observation that the disorder of
the surface layer increases with decreasing crystallite size is
consistent with the variation of Fe vacancies as a function of
size, as obtained from the PDF fitting (Table 1). In other
words, crystallites with a smaller size have a higher amount
of Fe2 and Fe3 vacancies, which leads to a higher degree of
disorder in the layer. These results support
Hiemstra's surface-depletion model,'” ie., the surface layer
of ferrihydrite is depleted by Fe2 and Fe3 and smaller

surface
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Fig. 4 Méssbauer spectra of the ferrihydrite samples (symbols). Panels (a) and (b) show the results at 295 K and their fits with one Lorentzian
doublet (blue curves) or with two Lorentzian doublets (blue curves); the red curves show the two contributions. Panel (c) depicts the spectra at 20
K and their fits with doublets and sextets (blue curves); the red curves show the doublet and sextet contributions.
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Table 3 Room-temperature Mdssbauer parameters of the four synthetic ferrinydrites fitted with one doublet and two doublets. The values in brackets

are fitting errors

Fitting parameters

Samples Fitting modes Reduced y> Cs (mm s™) Q, (mms™) Site population (%)
2LFh_1 Single doublet 15.97 0.347(1) 0.717(1) 100
Two doublets Site 1 2.67 0.343(9) 0.994(14) 38.4(32)
Site 2 0.347(6) 0.566(9) 61.6(32)
5LFh_2 Single doublet 12.97 0.355(1) 0.684(1) 100
Two doublets Site 1 1.95 0.342(10) 0.937(16) 41.9(37)
Site 2 0.357(6) 0.541(9) 58.1(36)
5LFh_3 Single doublet 3.71 0.343(1) 0.625(1) 100
Two doublets Site 1 1.11 0.334(18) 0.894(29) 31.7(73)
Site 2 0.346(11) 0.509(18) 68.3(73)
6LFh_4 Single doublet 10.18 0.360(1) 0.664(1) 100
Two doublets Site 1 3.66 0.350(2) 0.938(7) 33.9(78)
Site 2 0.367(1) 0.556(2) 66.1(78)

ferrihydrites have a higher percentage of poorly coordinated
Fe sites in the surface layer.

Magnetic hyperfine splitting at low temperature

At 20 K, the Mossbauer spectra of the ferrihydrite samples
show magnetic hyperfine splitting due to the weakness or
even disappearance of the relaxation effect caused by their
superparamagnetic behavior.”"***° The degree of splitting is
related to the crystallite size (Fig. 4c and Table SI-2). The
spectra of samples 2LFh_1 and 5LFh_2, which have a rela-
tively small size, split doublet 2 at 295 K into one sextet at 20
K, while samples 5LFh_3 and 6LFh_4, which have a relatively
large size, split the two doublets at 295 K into two sextets at
20 K (Fig. 4). Therefore, the ferrihydrite samples have no defi-
nite magnetic-ordering temperature, but they order magneti-
cally at varying temperatures, as determined by their crystal-
lite size. This is consistent with the report of Schwertmann
et al.,>® who suggested that a ferrihydrite with a smaller crys-
tallite size (formed at a higher Fe** hydrolysis rate) had a

lower magnetic ordering temperature. In addition, the
Mossbauer spectra at room temperature of different-sized
BiFeO; nanoparticles also show a similar trend with size.”®
Comparing the Mossbauer spectra of the ferrihydrite samples
at 20 K, the intensities of the sextet peaks increase and the
spectral line widths significantly decrease with increasing
crystallite size; this can be ascribed to the decrease of the
superparamagnetic behavior with increasing size. The hyper-
fine splitting and hyperfine magnetic-field intensity decrease
with decreasing crystallite size (Table SI-27). Below a certain
crystallite size, the hyperfine splitting is suppressed. The sup-
pression of the material's intrinsic spin may be caused by
uncompensated spins at the surface, strain anisotropies and
noncollinear magnetic ordering.”® In the present situation,
the quadrupole splitting results indicate that, especially for
particles with relatively small crystallite sizes, a large part of
the disorder is located in the surface layer; therefore,
uncompensated spins in the surface layer will be the main
reason for the reduced hyperfine splitting and reduced
magnetic-field intensity.

12 0.15
(@) of ()
St 0.05
—A 3. '
g 0 - 0.00
= a3t e 0.10
E sl o=
< o} 5 0.05
= e
g-12 £ 0.00
x=r 2
] =
N 6LFh 4 = 0.10
S 6} - N
154 S 5LFh_3
< i on
<
= 0 = 0.00
b 0.10
9 . . 9 : ; 0.00
S0 -25 00 25 5050 -25 00 25 50 0 50 100 150 200 250 300
Magnetic Field (T) Temperature (K)

Fig. 5 Magnetization of the four ferrihydrite samples. Panel (a) shows the hysteresis loops measured at 10, 100 and 300 K. Note that the
hysteresis loops did not attain saturation at 5 T. Panel (b) shows the zero field-cooled (ZFC, black) and field-cooled (FC, red) induced magnetiza-

tions obtained with an applied field of 20 mT.
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Table 4 Primary magnetic parameters at different temperatures for ferrinydrites of different sizes

Temperatures 10 K 100 K 300 K
Remanent
Coercivity magnetization Magnetization at 5 T Magnetization at 5 T Magnetization at 5 T Unblocking

Parameters (1) (Am®> kg™ (Am>kg™) (Am>kg™) (Am®> kg™ temperature (K)
2LFh_1 0.30 1.84 11.37 8.60 4.26 60

5LFh_2 0.16 0.79 7.97 5.66 2.59 60

5LFh_3 0.18 0.89 7.15 5.01 2.54 65

6LFh_4 0.18 0.93 6.63 4.79 2.86 80

Magnetization hysteresis loops and ZFC-FC curves

The magnetization curves measured at 10, 100 and 300 K are
shown in Fig. 5a. The shape of the magnetization curves de-
pends on both the measurement temperature and crystallite
size. Overall, the magnetization curves are nearly linear at
300 K and have a sigmoidal shape at 100 K and 10 K. A clear
hysteresis loop is observed only at 10 K and none of the sam-
ples are saturated in magnetization at 5 T. The non-saturated
linear pattern indicates a paramagnetic component, which is
consistent with the Mossbauer results at room temperature,
while the sigmoidal pattern suggests the presence of a satu-
rated superparamagnetic component.®

At 10 K, the remanent magnetizations for the studied sam-
ples range from 0.79 to 1.84 A m” kg™, and the coercivities
(B.) are in the range of 0.16 to 0.30 T (Table 4). This indicates
that ferrihydrite is paramagnetic at room temperature but is
magnetically ordered at very low temperatures, e.g.,
ferromagnetic-like moment. A similar magnetic behavior has
been reported by Guyodo et al.** for 6LFh samples of differ-
ent sizes, by Michel et al."® for ferrifh and by Berqué et al.**
for Si-incorporated ferrihydrites of sizes ranging from 1 to 25
nm.

The dependence of magnetization at an applied field of 5
T on crystallite size is shown in Fig. 6a. With increasing crys-
tallite size, the magnetization of the ferrihydrite samples

Magnetization at 5 T (Am’ kg")

i 1 n 1 i 1 i
1.5 2.0 2.5 3.0 35 4.0 4.5
Crystallite Size (nm)

decreases. With increasing temperature, the magnetization
also decreases (Fig. 6a and Table 4).

The ZFC (black) and FC (red) curves are shown in Fig. 5b.
For antiferromagnetic minerals with high coercivity, the ZFC
curve is analogous to the curve of temperature-dependent
magnetic susceptibility, and the peak in the ZFC curve sig-
nifies the unblocking temperature (T;) (Fig. 5b).>* The broad-
ening of peaks in the ZFC curves with increasing crystallite
size likely reflects the widening of the crystallite size distribu-
tion with increasing average crystallite size. It also empha-
sizes that the peak presents the average Tj indicated by the
arrows in Fig. 5b. The FC curve is enhanced at low tempera-
ture compared to the ZFC curve because an additional ther-
mal remanent magnetization is acquired. The point where
the FC and ZFC curves converge is also an indication of T5.
The Ty obtained from the convergence point corresponds to
the maximum estimate of Ts. With increasing crystallite size,
the average Ty and maximum estimate of Ty slightly increase
from approximately 60 to 80-100 K, and the largest increase
is observed between 5LFh_3 and 6LFh_4 (Table 4).

In summary, the present magnetization results confirm
that ferrihydrite is antiferromagnetic with a small
ferromagnetic-like moment at low temperatures. In general, a
ferromagnetic-like moment can originate from either the
uncompensated spins present inside the particles and/or at
the surface of the particles®®® or, for large particles, the

1000
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Fig. 6 Magnetization characteristics as a function of crystallite size. Panel (a) shows the magnetization of the four ferrihydrites for an applied field
of 5 T and at three temperatures. Panel (b) shows the unblocking temperature (Tg) of various ferrinydrites and maghemite as a function of grain
size. The data from the present study (blue squares) are compared with theoretical maghemite data taken from Liu et al,* 6LFh data from Guyodo

et al.,*? and data for Si-incorporated ferrinydrites from Berquo et al3*
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arrangement of magnetic moments at tetrahedral and octahe-
dral Fe sites.'® For our extremely fine-grained particles, the
latter = mechanism is not  applicable; therefore,
uncompensated spins present inside the particles and/or in
the surface layer should be responsible for the ferromagnetic-
like moment. The Mossbauer data at room temperature have
shown that the disorder is largely located in the surface layer.
Therefore, the uncompensated spins in the surface layer will
lead to the small ferromagnetic-like moments.

Discussion
Presence of tetrahedral coordination of Fe in ferrihydrite

It has been reported that the shape, position and intensity of
the pre-edge peak of the Fe K-edge XAS are related to the oxi-
dation state and coordination of Fe in minerals.®® However,
the interpretation of this peak for ferrihydrite is debated.
Zhao et al.°* found that the pre-edge peak area of ferrihydrite
was significantly larger (20-80%) than those of goethite and
hematite, which have only the octahedral coordination of Fe,
and slightly smaller than that of magnetite (~36%) with tet-
rahedral coordination. Therefore, they inferred that
ferrihydrite samples may contain 20-30% tetrahedral coordi-
nation. In contrast, some years later, Manceau and Gates"®
found that the peak area of ferrihydrite is only 0-20% larger
than that of hematite and suggested that the increase in peak
area is related not only to the CNs of Fe but also to the geom-
etry of the Fe sites; they claimed that almost all Fe existed in
octahedral coordination and that the pre-edge peak cannot
be used to determine the percentage of tetrahedral
coordination.

When the peak areas of the present ferrihydrite samples
are compared with those of goethite, hematite and magnetite
(Fig. 7), the results are similar to those of Zhao et al. The
peak areas of the ferrihydrite samples are considerably
greater than those of goethite and hematite, but somewhat
smaller than that of magnetite. According to the PDF analy-
sis, the relative Fe3 (tetrahedral Fe) site occupancy of the
present samples ranges from 0.82 to 0.88 (Table 1).

——2LFh_1
——5LFh_2
——5LFh_3
——6LFh_4
Magnetite
Goethite
Hematite

Pre-edge peak

Normalized m(E) (a.u.)

7108 7110 7112 7114 7116 7118 7120 7122 7124
Energy (eV)

Fig. 7 Comparison of the Fe K-edge XAS pre-edge peaks among mag-
netite, hematite, goethite and the four ferrihydrite samples.
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Additionally, the results of PDF and XAS fitting show that
the second Fe-Fe coordination distance is approximately 3.44
A (Fig. 2 and Table 2), which is consistent with the reports of
Michel et al.*” and Xu et al.>” According to Xu et al.,*” an Fe-
Fe coordination distance of 3.44 A can serve as indirect evi-
dence of the presence of tetrahedral Fe. Consideration of the
additional information about tetrahedral Fe in combination
with the present agreement with Zhao's results suggests that
Zhao's conclusion is sound. However, we have no further ar-
guments to oppose the view of Manceau and Gates.

Effects of crystallite size on the structure of ferrihydrite

In spite of great advancements towards revealing the basic
structure of ferrihydrite in previous studies,'®>"** there re-
main disputes over the bulk and surface structures of
ferrihydrite with a wide range of grain sizes. This has hin-
dered an accurate understanding of the grain size-dependent
properties of ferrihydrite. Our results indicate that
ferrihydrites with different crystallite sizes share a common
short-, medium- and long-range structure (Fig. 1-3). Given
that the “ordered” ferrihydrite with a large size (i.e., ferrifh,
10-12 nm, Michel et al.'®) shares a PDF similar to 2LFh, it is
suggested that ferrihydrites with different sizes possess a rel-
atively stable bulk or core structure. This is confirmed by the
present XRD, PDF and XAS data of the ferrihydrite samples
with different crystallite sizes (1.6-4.4 nm), similar to those
of the commonly found fine-grained natural ferrihydrites.

Nevertheless, the results also indicate a certain degree of
distortion: the average Fe-Fe CNs increase with increasing
size of the ferrihydrite crystallites (Table 2). A similar in-
crease has been observed in Al-Fe oxyhydroxide co-precipi-
tates"®>> and hydroxybenzoic acid-Fe co-precipitates.” In ad-
dition, anisotropic variations in lattice dimensions indicate
size-dependent structural relaxation in ferrihydrite (Table 1),
consistent with a reduction in strain with increasing crystal-
lite size."® A certain number of Fe vacancies exist in the
ferrihydrite structure, and Fe vacancies/defects increase with
decreasing ferrihydrite crystallite size (Table 1). The combina-
tion of these results with a detailed analysis of the Mossbauer
spectra at 295 K leads to the conclusion that the surface layer
is the region with higher disorder (Table 3) and that the
smaller ferrihydrites have a higher percentage of poorly coor-
dinated Fe sites in the surface layer. In summary, the present
results support the view that the particle cores have the same
structure, that the surface layer is relatively disordered, and
that the latter disorder increases with decreasing crystallite
size; they therefore support the ferrihydrite structure model
suggested by Hiemstra."”

Based on electron diffraction analysis, Janney et al.®>®
concluded that 6LFh was distinctly different from 2LFh. They
found that 2LFh contained highly disordered material and
crystallites with structures based on the hexagonal and cubic
stacking of close-packed layers of O*” and OH™ ions, while
6LFh contained structures based on the double-hexagonal
stacking of close-packed layers of O*". Clearly, these results
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indicate greater differences between 2LFh and 6LFh than
those indicated by the present results. Although the basic
core structure remains the same with varying crystallite size,
the PDF and XAS fitting results indicate that the unit cell pa-
rameters, Fe occupancies and Fe-Fe coordination numbers
all change somewhat with crystallite size (Tables 1 and 2).
Therefore, the structure of the 2LFh particles is different
from that of the 6LFh particles. The present results are in
good agreement with several other reports, which suggested
that the primary difference among ferrihydrites of different
sizes is the size of the coherent scattering domain."®***

Magnetization of ferrihydrite and its environmental
application

With accurate constraints on the structure of the studied
ferrihydrite samples, the origin and grain size dependence of
their magnetism can be well resolved. The present results
confirm that ferrihydrite shows antiferromagnetism super-
imposed with a small ferromagnetic-like moment at low tem-
peratures and that the ferromagnetic-like moment is largely
due to the uncompensated spins in the surface layer. For
nano-sized strongly magnetic particles, such as magnetite®
or ferrifh (ordered ferrihydrite),'® the presence of
uncompensated surface spins weakens the bulk magnetic
properties, resulting in a positive correlation between grain
size and magnetization. In contrast, the magnetization of
nano-sized antiferromagnetic minerals such as hematite orig-
inates from uncompensated surface spins, and a negative
correlation between magnetization and grain size was ob-
served.®® Similar to hematite, the magnetization at 5 T of the
studied ferrihydrites gradually increases with decreasing size
(Table 4 and Fig. 6a). It should be noted that the smallest
sample, 2LFh_1, has much higher values of B. and magneti-
zation than the other samples. We tentatively interpret that
the elevated coercivity B. is due to either the enhanced sur-
face anisotropy or the enhanced stress between the core and
surface shell. Such a stress has also been used to explain the
higher B, values of the low-temperature oxidized magnetite
with a stoichiometric magnetite core surrounded by a
maghemite shell.®® The much higher magnetization of
2LFh_1 further indicates that the uncompensated spins in
the surface layer could also significantly contribute to its bulk
magnetization because of its poor crystallinity.

For the studied ferrihydrites, the surface layer structure
most likely dominates the changes in magnetism with size,
and the decrease in magnetization with increasing size could
be attributed to the lowering of uncompensated surface
spins. This is in contrast with the behavior of ordered and
larger ferrihydrites (ferrifh),’® in which the bulk structure
dominates and the ordering of electron spin moments of the
bulk Fe accounts for the enhancement in magnetism with in-
creasing size. Considering the opposite magnetization trends
observed for the present particles (1.6-4.4 nm, Fig. 6a) and
ferrifh (10-12 nm), we predict that with a continuously in-
creasing size of ferrihydrites from small disordered particles
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to relatively large ordered crystallites, there is likely a tran-
sient point at which the magnetization is minimum. If this is
true, a gradual transformation of relatively smaller 2LFh with
crystallite sizes of several nm into relatively larger
ferrihydrites with crystallite sizes of 10-12 nm might first re-
sult in a decrease in magnetism followed by a significant in-
crease in magnetism.

As ferrihydrite is the most important precursor for other
secondary magnetic minerals formed through pedogenesis
(e.g., ferrifh, magnetite and maghemite),>'® the magnetic
properties of ferrihydrite with different sizes are important
for determining the evolution of the related minerals and
explaining the magnetic enhancement in aerobic soils. There-
fore, to understand the environmental significance of
ferrihydrite in natural samples, it is essential to have infor-
mation on the ferrihydrite grain size. In Fig. 6b, we summa-
rize the correlation between the T and grain size of synthetic
ferrihydrites. Compared to the theoretical curve for
maghemite,’ ferrihydrites have much higher unblocking tem-
peratures due to their higher anisotropy constants. For the
extremely fine-grained ferrihydrites (1-5 nm), variation in the
values of Ty exists among samples with similar sizes synthe-
sized under different conditions (Fig. 6b). For ferrihydrite
samples in the grain-size range (~1-10 nm), the decrease in
crystallite size and the presence of Si both lead to the de-
crease in Ty (Fig. 6b). This strongly indicates that the distri-
bution of the uncompensated surface spins of ferrihydrites
as well as their grain sizes affect Tp. Such complexity should
be considered when constructing the relationship between
ferrihydrites and other iron oxides in natural samples. Never-
theless, an overall positive correlation exists between Ty and
the grain size of ferrihydrites; thus, Ty is anyhow a useful
and practical proxy to quantify the changes in the grain size
of ferrihydrites in natural samples provided that the natural
conditions are relatively similar.

Conclusions

The structural characterization of the present samples based
on the Michel model parameters reveals that ferrihydrite
samples with small grains share a common short-, medium-
and long-range structure with a large size of ferrihydrite (i.e.,
ferrifth). Meanwhile, both the average CNs of Fe-Fe and Fe2
and Fe3 occupancies increase with crystallite size, suggesting
that smaller ferrihydrites exhibit higher structural disorder.
Further, the Mo6ssbauer results at 295 K indicate that the sur-
face layer is relatively disordered, which might be caused by
the randomly distributed Fe vacancies at or near the surface
and minor stacking faults. This observation supports
Hiemstra's surface-depletion model in terms of the location
of disorder and the variations of Fe2 and Fe3 occupancies
with size. This clarification of the relationship between the
ferrihydrite size and structure, and especially the surface
structure, is useful for understanding and exploring the ad-
sorption on ferrihydrites and its interaction with other nano-
particles in natural environments.

This journal is © The Royal Society of Chemistry 2016
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Magnetic data verify that ferrihydrite samples show anti-
ferromagnetism with a ferromagnetic-like moment at lower
temperatures (100 K and 10 K), but they are paramagnetic at
room temperature (300 K). Smaller ferrihydrites show less
magnetic hyperfine splitting and a lower unblocking temper-
ature (Tg). In addition, magnetization decreases with increas-
ing crystallite size for disordered ferrihydrite, while an en-
hancement in magnetism with increasing size is shown for
ordered ferrihydrite. It is therefore predicted that with in-
creasing size of ferrihydrites, a transient point occurs at
which the magnetization is minimum. Considering that the
transformation of ferrihydrite to different iron oxides plays
an important role in the mineralogical evolution of iron ox-
ides and magnetic enhancement during pedogenesis, the
size-dependent structure and magnetic properties of disor-
dered ferrihydrite provide important basic information for
better understanding of these evolution processes.
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