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Natural conversion of ferrihydrite (Fh), a widespread Fe(i)-oxyhydroxide mineral at the Earth's surface, to
thermodynamically more stable iron oxides such as goethite (Gt) and hematite (Hm) is a slow process that
spans months to years. Here we examined the effects of synthesis and storage conditions on the hydration,
the ratio of tetrahedral to octahedral iron sites, and the transformation of naturally aged 2-line Fh at room
temperature and mildly acidic pH over an ageing period of 5 years. Fh samples synthesized and aged in
either aerobic or anaerobic conditions were characterized over time by XRD, SEM, thermogravimetric
analysis — mass spectroscopy (TGA-MS), and X-ray absorption spectroscopies (XANES and XMCD). The
findings show that the ratio of tetrahedral to octahedral Fe(n) sites in Fh is correlated to its extent of
hydration, with fresher Fh samples exhibiting a higher ratio and more bound water. Fresh Fh aged in
aerobic conditions has similar bound inorganic carbon, is more hydrated, and has less tetrahedral Fe(i)
than that aged in anaerobic conditions. Hence, for relatively fresh Fh there is a link between Fh properties
and storage conditions. However, the long-term ageing characteristics, such as the transformation rate
and relative phase fraction of Gt and Hm products, are not noticeably impacted by storage conditions.
TGA-MS measurements coupled with O K-edge XANES spectra confirm that Fh tends to lose its hydration
as it ages, as expected. Corresponding Fe L, 3-edge XMCD spectra reveal that this dehydration is coupled
to a steady decrease in the ratio of tetrahedral to octahedral Fe(n) sites. In addition to the obvious
constraints these findings place on making comparisons across Fh samples of different age and
environmental settings, they also highlight that Fh structure, and consequently magnetism, are linked to its
bound water content.

Ferrihydrite is a metastable iron-oxyhydroxide nanomineral, ubiquitous in surface environments, and crucial in environmental geochemistry. With reactive
hydroxyl groups being important drivers for catalytic reactions on mineral nanoparticles, ferrihydrite has great potential for the capture of contaminants in
natural and industrial waters. Long studied, its structure and composition remain elusive, and a consensus, especially regarding its hydration and

tetrahedral iron content, has yet been reached. This study shows that tetrahedral iron and hydroxyl populations of fresh ferrihydrite are correlated. While
their initial populations are affected by the ageing conditions, both populations decrease over time. This suggests an evolution in the surface reactive
properties of ferrihydrite as a function of its age and ageing conditions.
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1. Introduction

Since its discovery in the 1970's," ferrihydrite (Fh) has been
the focus of active research because of its widespread

b Environmental Molecular Sciences Laboratory, Pacific Northwest National presence at the Earth's surface in soils and aquatic
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environments where it can act as a strong sorbent with high

¢ Department of Civil and Environmental Engineering, University of Iowa, Iowa sorption capacity.2 These characteristics have also led to its
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use in industry as a cost-effective sorbent.>* Fh is a poorly
crystalline iron-oxyhydroxide nanomineral which exists

t Electronic supplementary information (ESI) available. See DOI: https://doi.org/ eXCIUSively as spherical nanoparticles with sizes typically
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ranging from 2 to 10 nm.” Because its precise structure is
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difficult to determine unambiguously using X-ray diffraction
(XRD) and scattering techniques, the extent of structural
ordering in Fh is distinguished based on the number of
peaks present in the XRD pattern; so-called 2- and 6-line Fh
are the most common types observed.>®” While X-ray pair
distribution function (PDF) analysis suggest that these
structures are similar,® the main difference between 2- and
6-line Fh is essentially due to the variation in the average size
of the coherent scattering domains. This is consistent with
observations that 2-line Fh generally has smaller particle
sizes, ranging from 1 to 4 nm, and is more hydrated, than
6-line Fh.>%*3

For several decades, precise determination of the structure
and composition of Fh has been the focus of intense debate
and is still not fully resolved. Several models®'* from single-
phase’'® to multi-'""® and hybrid-phase’® have been
proposed, spanning a range of hydration encompassed by the
approximate chemical formula of FesOgH + nH,0.>17:18:20,21
Recent theoretical studies offered a new perspective in which
Fh, especially 2-line Fh, could be viewed as a nanocomposite
of distinct coexisting structure types indistinguishable by
X-ray scattering whose distribution at any given time depends
on factors such as particle size, temperature, and the activity
of water."”?> Another important aspect of the structure of Fh
is the extent to which tetrahedral Fe sites are intrinsic. In this
regard, Mossbauer spectroscopy®® does not indicate
tetrahedral Fe,**** while X-ray based spectroscopies such as
X-ray absorption near edge structure (XANES) and X-ray
magnetic circular dichroism (XMCD) do indicate tetrahedral
Fe.”*?® Studies that provide evidence for tetrahedral sites in
Fh tend to estimate this Fe site fraction in the range of 20-
30%.">?” Uncertainties on the hydration and tetrahedral Fe
content are in part due to the difficulty of distinguishing
bulk versus surface contributions.?**°

Because Fh is metastable with respect to more crystalline
iron-(oxyhydr)oxides such as goethite (Gt) and hematite (Hm), it
transforms over time.*'™* Although various transformation
mechanisms have been proposed, including solid-state
recrystallization®®  potentially ~ mediated by  particle
aggregation,® dissolution-reprecipitation appears to be the
most likely pathway.****® Because of the low aqueous solubility
of Fe(m) at circumneutral pH, this spontaneous transformation
of Fh to Gt/Hm can take years.*"” In contrast, redox-catalysis
enables transformation in a matter of hours,*®** by increasing
the lability and effective mass flux of Fe(m).**™** In the absence
of redox-catalysis, the slow and spontaneous transformation of
Fh to Gt/Hm is known to depend on at least temperature and
pH.>'#7*  Several experimental investigations have also
demonstrated the ability of silicate,” " arsenate,”® and
phosphate to inhibit Fh dissolution and transformation to Gt,
nominally because these oxyanions strongly adsorb as inner-
sphere complexes on the Fh surface.

However, although Fh transformation has been well
studied in various contexts, to our knowledge there has yet to
be a systematic investigation of the unresolved questions
pertaining to the structure and composition of Fh over time
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at a given set of conditions. Specifically, are there detectable
linkages between Fh structural characteristics (e.g,
tetrahedral Fe content) and its composition (e.g., extent of
hydration) over time and if so why? And how sensitive are
any such linkages to synthesis or storage conditions?
Answering these questions could provide insight into the
structure of Fh itself, and factors that govern its formation
and stability in the environment.

Here we investigated the effects of synthesis and storage
conditions on the evolution of 2-line Fh over time at room
temperature at mildly acidic pH, monitoring its structural and
hydration properties throughout ageing from initial synthesis
up until 5 years duration. Although during ageing Fh gradually
becomes an assemblage of Fh/Gt/Hm, our study was designed
to focus on the Fh fraction. In addition to X-ray diffraction
(XRD) and scanning electron microscopy (SEM), isolation of the
Fh fraction is enabled in part by use of X-ray absorption
spectroscopies. In particular, Fe L-edge X-ray circular magnetic
dichroism (XMCD) spectroscopy is sensitive only to the
magnetically ordered Fe fraction of a magnetic material.>>*" In
the phase assemblage Fh/Gt/Hm, only Fh is expected to bear a
net magnetic moment,**>* particularly at low temperature.”>>°
Hence the measured Fe-L edge XMCD signal arises largely from
iron associated with Fh. Other techniques used such as
thermogravimetric analysis - mass spectroscopy (TGA-MS)
isolates the hydration properties associated with the Fh fraction
by separation from known thermal dehydration thresholds of
other phases that bear structural water such as Gt°” We
compare time-dependent Fh characteristics when synthesized
aerobically and stored either aerobically or anaerobically.
Questions pertaining to the possible role of dissolved inorganic
carbon are investigated by comparing aerobically versus
anaerobically synthesized Fh during early stages of ageing with
or without air exposure. All cases examined show only small
initial differences that converge after several weeks. We show
that freshly precipitated 2-line Fh has a relatively large
tetrahedral Fe fraction that diminishes as Fh ages, and that this
is coupled to a progressive decrease in its structural water
content. For fresh Fh samples, aerobic/anaerobic storage
conditions are found to more strongly affect the tetrahedral Fe
content than aerobic/anaerobic synthesis conditions. However,
the storage conditions don't noticeably impact the long-term
transformation rate and end-product ratio.

2. Materials and methods
2.1 Ferrihydrite synthesis

Synthesis of the Fh was based on procedure described by
Qafoku et al.®® In detail, 5 g of FeCl;-6H,0 was dissolved in
200 mL of deionized H,O and titrated with 2 M NaOH until it
reached pH = 5. The solution was further titrated with 0.2 M
NaOH until the target pH of 7.2-7.4. The suspension was
equilibrated at this pH for 24 hours followed by a final pH
adjustment with 0.2 M NaOH if a drift was observed. The Fh
was then centrifuged at 5000 rpm for 15 min and washed 3x
with deionized H,O. After the third wash, the Fh suspension
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was concentrated by removing most of the DI in the
supernatant.

The Fh paste was transferred inside the glove box, and a
volume of 10 mL degassed and deoxygenated DI-H,O was
added to the tube, which was vortexed to form a well-mixed
homogenized suspension. This suspension was further
degassed by sparging N,-gas for 24 hours inside the glove
box. Lastly, ferrihydrite suspension density was calculated by
dissolving a volume of Fh in 4 M HCI. The Fe(m) in solution
was determined by ICP-OES, Perkin-Elmer.

2.2 Thermogravimetric analysis - mass spectroscopy

A Netzsch Instruments TG-209F1 thermogravimetric analyzer
was used to heat the samples from ~25 to 500 °C with a heating
ramp of 2 K min™ under 10 mL min™" N, flow. Simultaneous
examination of evolved dehydration/dihydroxylation products
was performed with an in-line Aeolos QMS-403C mass
spectrometer. Generally, 3-6 mg of sample were analyzed while
monitoring ion currents (mass/charge, m/z) corresponding to
H,O (m/z = 18) and OH (m/z = 17).

For the samples subjected to different combinations of air
and glovebox ageing regimes, samples were analyzed using a
Netzsch Instruments TG 209 F1 Libra thermogravimetric
analyzer coupled with a QMS 403 Aeolos Quadro mass
spectrometer from ~25 to 500 °C with a heating ramp of 2 K
min~" under 10 mL min~* N, flow. During these measurements,
ion currents (mass/charge, m/z) corresponding to H,O (m/z =
18), OH (m/z = 17), and CO,(m/z = 44) were monitored.

To assist in the interpretation of thermogravimetric -~ mass
spectrometry (TGA-MS) results for aged Fh samples that contain
Gt [a-FeO(OH)| as an alteration product, we determined the
dehydration behavior of a synthetic nanosized Gt. This sample,
whose synthesis has been previously described,”®>® has a N,
Brunauer-Emmett-Teller (BET) specific surface area (SSA) of
115+5m>g .

2.3 Scanning electron microscopy

SEM was performed using an FEI Helios NanoLab 600i field
emission electron microscope. High resolution/high
magnification secondary electron images were collected at an
accelerating voltage of 3 kV and a beam current of 0.17 nA in
immersion mode using a through-the-lens (TLD) detector.
Images were collected at a working distance of 3.5-4 mm.
The SEM analyses were performed after a few drops of Fh
suspension were dropped onto Al-holders and dried in the N,
chamber until analysis. The samples were coated with ~5-7
nm of carbon to minimize imaging artifacts due to charging.

2.4 X-ray diffraction

Powder X-ray diffraction (XRD) was performed on freeze-
dried anaerobic powders packed into zero-background
holders. Data were collected using a PANalytical X'Pert
Bragg-Brentano diffractometer with Cu-K, radiation (4 =
1.5418 A), a graphite post-diffraction monochromator, and
variable divergence and anti-scatter slits (illuminated length
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=10 mm). Rietveld fitting (Topas v6, Bruker AXS) was used to
quantify the amounts of Fh, Gt, and Hm The “Fhyd3” Fh
structure published by Michel et al.’® was used with only the
scale factor refined. Cell parameters of a = 6.065 A and ¢ =
9.025 A, and 1.4 nm Lorentz crystallite size broadening were
used along with a linear background to avoid the background
compensating for the diffuse Fh signal. Quantitation of Fh by
XRD is problematic and so was checked by adding a weighted
quantity of corundum (NIST SRM 676a) to selected samples.
This allowed the absolute concentrations of Hm and Gt to be
measured, and Fh concentration was calculated as the
difference from 100%.

2.5 X-ray absorption spectroscopy and X-ray magnetic
dichroism

X-ray absorption spectra were collected on beamline 6.3.1 at
the Advanced Light Source (ALS), Lawrence Berkeley National
Laboratory, California.®® The Fh suspensions were deposited
on indium foil, in a nitrogen-filled glovebox (for samples
aged anaerobically) or in air (for samples aged aerobically),
and allowed to dry. After drying, excess powder was removed
and the remaining powder was pressed into the indium foil.
The indium foil samples were then attached to the copper
sample manipulator using silver paint and loaded into the
end station under anaerobic conditions. The sample was
positioned with the X-ray beam entering parallel to the
magnetic field and perpendicular to the sample surface. The
sample manipulator was cooled to 20 K using liquid helium
for the Fe L-edge measurements, while the O K-edge
measurements were made at room temperature. The XAS
signal was monitored in total electron yield (TEY) mode,
giving an effective probing depth of ~4.5 nm. Flying scans
were collected at +1.8 tesla (T) then -1.8 T. The XAS spectra
of the two magnetization directions were normalized to the
incident beam intensity and subtracted from each other, to
obtain the XMCD spectrum.>*

2.6 Simulations of Fe L-edge XMCD

To perform a linear combination fit of the experimental Fe
L,;-edges XMCD spectra of Fh as function of ageing,
theoretical calculations of individual Fe L,;-edges XMCD
components (i.e., octahedral and tetrahedral Fe®*) spectra
have been performed using the ligand field multiplet
approach developed by de Groot et al®' and following the
methodology developed by Brice-Profeta et al.°® The linear
combination fit of the experimental O K-edge XANES spectra
of Fh as function of ageing used the O K-edge spectra for 0>~
and OH™ components calculated in previous work>® using the
FDMNES program.®’

3. Results and discussion
3.1 Phase evolution

XRD measurements have been carried out to quantify the
phase transformation of naturally aged 2-line Fh under

This journal is © The Royal Society of Chemistry 2024
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anaerobic conditions over a period of 1749 days. As shown in
Fig. 1a, the initial (day 1) XRD pattern is characteristic of
2-line Fh with only two broad peaks present, reaching a
maximum intensity at 20 = 35° and 62°. The detection of
several sharper diffraction peaks, characteristic of Hm and Gt
crystals, were observed for samples older than 113 days. The
presence of 6-line Fh was not detected. As shown in Fig. 1b,
the time-dependent phase fraction analysis of the samples
synthesized and aged under anaerobic conditions indicates
that over a period of 1749 days about 70% of Fh has been
transformed leading to the formation of Gt up to about 65%
and a small fraction of Hm of about 5%, which remained
similar for the whole timelapse. The time-evolution increase
of the Gt phase fraction -calculated from TGA-MS
measurements shows a good agreement with the XRD
analysis and is reported in Fig. 1b by filled square symbols.
XRD analysis of naturally aged Fh samples synthesized and
aged in aerobic conditions for 1596 days (open triangles in
Fig. 1b) indicates a phase fraction for Fh, Gt, and Hm similar
to the samples synthesized and aged in anaerobic conditions.
This suggests that the synthesis and storage conditions do
not affect the relative amount of the end-products, as well as
the transformation rate. In the case of anaerobically
synthesized and aged samples, further analysis, shown in
Fig. 1c, suggests that the size of formed Gt particles steadily
increases from about 13 nm to 25 nm within the first 600
days then tends to stabilize around 25 nm for samples older
than 600 days.

During Fh ageing in anaerobic conditions, the samples
had a pH of 4.5 + 0.5 (see Fig. S1f) for which the
transformation to Gt is generally preferred over that of Hm.
While this result is in agreement with previous experiments
conducted by Schwertmann et al.>'*” who also monitored the
natural transformation of Fh in aerated aqueous suspension,
the XRD phase fraction analysis suggests that the rate of
conversion of 2-line Fh under anaerobic conditions is slower
than reported at similar pH values. At room temperature and
pH = 4.5, Schwertmann et al. found that the conversion of
50% Fh into a mixture of Gt and Hm occurred in about 225
days. However, Fig. 1b shows that in 225 days only 21% of Fh
has been converted into 15% Gt and 6% Hm. Under the
anaerobic conditions of this study, Fh half-conversion was
reached at 707 days, which is more than 3 times slower than
at the conditions (i.e., ambient temperature and aqueous
suspension) of the experiments performed by Schwertmann
et al. As the XRD determined phase fraction for the 1596 days
old Fh synthesized and aged in aerobic conditions are similar
to that of anaerobic conditions (Fig. 1b), we assume that
slower transformation rate that we observe is due to other
factors, such as the loading density of Fh particles and/or the
method used to maintain constant pH in the experiments
performed by Schwertmann et al.

To examine the extent of differences in Fh suspension pH
we conducted experiments where we synthesized and aged
Fh under four different permutations of synthesis and aging
conditions (ie., synthesized in aerobic conditions and

This journal is © The Royal Society of Chemistry 2024

View Article Online

Paper
Days
1 1 1
a 1749
617
589
] 360
265
247
226
195
| i 193
— 183
148
’ e —113
\ -y W\ g 1 AA WY WA\ 91
\ \ " N Vet 7 ¥
4\ MmN peted " N ) ig
\ 1M
W fh 45
A 10
¥ I" o 7
i \ 7
1
T T T
0 20 40 60 80
20 (Cu Ka)
1.0 ‘. @ Anaerobic Fh A Aerobic Fh
‘\. ® Anaerobic Gt A Aerobic Gt
@, Anaerobic Hm Aerobic Hm
0.8 0 M Anaerobic Gt (TGA-MS)
(2N
c 3
S o jel
S .. __A"
506 .9 =
&E s
? m =
204/ i
o Rled g
'," TR
° o)
0.2 J
X,
00+—% —— .
-200 0 200 400 600 800 1000 1200 1400 1600 1800
Time (Days)
[ ]
254 ® F
[ ]
®
E 204 P )
o) [ ]
g |
(%]
154
° [ ]
10

0 200 400 600 800 1000 1200 1400 1600 1800
Time (Days)

Fig. 1 (a) Evolution of the XRD pattern of naturally aged Fh under
anaerobic conditions from 1 to 1749 days showing the appearance of
Hm and Gt phases starting 113 days. (b) Time-evolution of the phase
fraction present as function of Fh ageing under anaerobic conditions.
Data are compared to companion anaerobic Gt fraction determined by
TGA-MS (filled squares) and compared to a 1596 day old Fh sample
aged under aerobic conditions (open triangles). (c) Particle size analysis
of Gt as function of ageing under anaerobic conditions.
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anaerobic conditions and aged in aerobic and anaerobic
conditions for both synthesis methods). We observed only
minor differences in pH, which varied over approximately 1
pH unit (pH 5.0 + 0.5) between aging conditions and batches
(see Fig. S2t1). While there were some differences during the
first month between the treatments, the pH stabilized to
within 0.5 pH unit after 30 days. pH variability alone (see
Table S1f) does not appear to be significant enough to
explain differences in observed phase evolution to differences
in pH.

In addition to changes in pH, we expect that the other
variable which would be different between aerobically
synthesized and aged and anaerobically synthesized and aged
Fh would be the presence and amount of dissolved and
sorbed CO,. Even at relatively low pH, where dissolved CO, is
in equilibrium with carbonic acid (H,COs;, pK, = 6.3),
significant amounts of sorbed CO, are expected to be present
at the Fh surface.®*®® Consistent with these previous studies
we measured 0.54 to 1.42 mM total inorganic carbon (TIC)
(see ESIf material for methods) in Fh suspensions
synthesized and aged in aerobic conditions (see Table S17),
compared to 0.0128 mM in deionized water in equilibrium
with air. These values of TIC in Fh suspensions were within
an order of magnitude of surface complexation model
predictions®**>*” (see Fig. S31) of approximately 5.5 mM TIC
in Fh suspensions. We observe a significant difference in
suspension TIC as a function of synthesis conditions of
aerobic synthesis (mean = 0.95 mM) vs. anaerobic synthesis
(mean = 0.42 mM) (Table S1,t p = 0.006). Despite our best
efforts to remove CO,, we still observed considerable TIC in
anaerobically synthesized Fh, likely due to residual CO, in
the sodium hydroxide used during Fh synthesis. However, we
did not observe statistically significant differences in
suspension TIC as a function of aging condition (e.g,
aerobically synthesized/anaerobically aged wvs. aerobic/
aerobic) over approximately two weeks (data shown in Table
S1,;f p = 0.35) regardless of starting synthesis condition.
Finally, we conducted an experiment where we attempted
removal of CO, from an aerobically synthesized and aged Fh
suspension by bubbling it with 99.999% N, gas and
measured pH and TIC content over time (see Fig. S4t). As
expected with the loss of CO,, the pH increased by 0.35 pH
units and TIC decreased from 1.32 to 1.11 mM, suggesting
that some bound CO, can be removed by a change in
atmosphere, but that either considerable time for this
equilibration is required or that CO, is very strongly bound
to the surface of Fh and not easily removed.

To complement the XRD analysis, SEM images of the Fh
samples synthesized in aerobic and naturally aged under
anaerobic conditions were taken at 21, 283, 438, and 670
days, as shown in Fig. 2. Within the amorphous mass of Fh,
one can readily observe the emergence of Gt and Hm
crystallites for samples older than 113 days. In these images,
Hm crystals have a distinguishable rhombohedral shape
while Gt crystals have a nanorod shape. Additional SEM
images showing the time-evolution of Fh samples synthesized
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Fig. 2 SEM images showing the time-evolution of naturally aged Fh
samples under anaerobic conditions taken approximately at (a) 21 days,
(b) 283 days, (c) 438 days, and (d) 670 days. Additional SEM images are
shown in Fig. S5

in aerobic and aged in anaerobic conditions from 21 days to
670 days are shown in Fig. S5.f

3.2 Evolution of hydration during Fh ageing and impact of
synthesis and storage conditions for fresh Fh

The TGA-MS analysis of three Fh samples, synthesized in
aerobic and aged under anaerobic conditions for 7 days, 554
days, and 994 days revealed 17-19% mass loss from 25-500
°C, as shown in Fig. 3. The Fh sample aged for 7 days
displayed a smooth and continuous weight loss, as shown in
Fig. 3a, as it transformed to Hm. A prominent weight loss
region corresponding to the coincident H,O and OH ion
current peaks at 60 °C from physisorbed water, along with
distinct shoulders at ~110 °C, was observed. The release of
residual water during thermal decomposition of Fh is
apparent from the slight elevation in m/z 18 ion current at
~380 °C (inset in Fig. 3a), corresponding to the thermal
transformation of Fh to Hm.®® The thermal decomposition of
Fh in this study is broadly consistent with previously
reported descriptions.>®*”"?

In the case of 554 and 994 days old Fh samples, the ageing
resulted in changes to TGA-MS signatures, as evolved H,O and
OH was observed at ~260 °C, along with a corresponding
weight loss step, as shown in Fig. 3b and c. These new features
are consistent with the release of chemically bound water of
alteration product Gt in the aged Fh samples during thermal
decomposition,”*”>”” and they are in general agreement with
the TGA-MS behavior of our nano-Gt sample (see Fig. S61). A
notable difference between the TGA-MS results of the 7 days
aged and long-term (=554 days) aged samples is the absence of
the H,O/OH shoulder at ~110 °C in the latter. We therefore
suggest that the absence of this feature in aged sample is due to

This journal is © The Royal Society of Chemistry 2024
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Fig. 3 TGA-MS analysis for three naturally aged Fh samples
synthesized in aerobic and aged in anaerobic conditions of (a) 7 days,
(b) 554 days, and (c) 994 days that shows mass loss (left y-axis) and ion
current curves (right y-axis) as a function of temperature.

the facile removal of the OH in the 7 days old Fh sample. This
interpretation is consistent with the O K-edge XANES spectral
changes shown in Fig. 4 between fresh and old Fh samples
highlighting the evolution of structural hydration of Fh as
function of ageing. As shown in Fig. 4a, the spectra for fresh (2
days) and 716 days old Fh samples present different spectral
features. Based on previous theoretical analysis of O K-edge
spectra in Gt,”® the higher energy peak, labelled 3 at 533-535
eV, is representative of hydroxyl groups (OH"), while the lower
energy peaks, labelled 1 and 2, located in between 530-533 eV
are associated with O*” species. The fresh Fh sample has a
prominent hydroxyl peak at ~534 eV, whereas a similar peak is
not distinguishable for the 716 days old Fh sample. As shown
in Fig. 4b, a linear combination fit of the O K-edge spectra of
fresh and 716 days old samples using theoretically calculated
0" and OH™ components suggests a dehydration of 22%. While
the fresh Fh sample has a larger contribution from OH™
component compared to O*”, the 716 days old Fh sample has a
larger contribution from O®7, with a O /OH™ ratio closer to 1.
The time-evolution of the O K-edge XANES spectra from
progressively more-aged samples (from 2 to 716 days shown in

This journal is © The Royal Society of Chemistry 2024
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Fig. 4 (a) Comparison of the O K-edge XANES spectra for fresh (2
days) and 716 days old Fh samples synthesized in aerobic and aged in
anaerobic conditions. (b) The linear combination fits (LCF) of the
experimental spectra with calculated O> and OH™ contributions
indicates that the peaks labelled 1 and 2 are associated with O~
species, while the peak labelled 3 is associated with OH™ species.

Fig. S7t) exhibit concomitant decreasing OH-associated peak 3
with increasing lower energy O° species-associated peak 1
and 2.

This labile OH population likely consists of singly
coordinated isolated hydroxyls (-OH) at the Fh surface,
recently spectroscopically delineated by Boily and Song.””
They performed chemometric interpretations of temperature
controlled in situ infrared spectroscopy coupled with mass
spectrometry (IR-MS) to distinguish between the -OH
(removed at ~134 °C in vacuo) and doubly-coordinated
hydroxyl groups (u-OH), showing that p-OH is removed at
higher temperatures (~204 °C). As triply-coordinated p;-OH
sites weren't detected by Boily and Song,”” it is likely that
pn-OH groups were the sole surface species of the aged Fh. It
is important to understand the relatively rapid removal of
isolated hydroxyls during anaerobic ageing as the evolving
surface chemistry dictates the catalytic reactivity of Fh. As
highlighted by Boily and Song,”” the long-term behavior of
Fh coordination environments has implications for Fh
reactivity towards environmentally-relevant gasses and
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organics, along with Fh-Fh interactions that control
nanoparticle aggregation.

TGA-MS measurements conducted on (~7-14 days old) Fh
samples that were synthesized and aged in four
combinations of aerobic and anaerobic environments showed
limited variability in thermal decomposition curves and mass
spectrometry signals, including for m/z = 44, a measure of
CO, incorporation during synthesis and transformation
during ageing (see Fig. S8t). Based on the weight losses that
coincide with detection of OH and H,O (m/z = 17 and 18), the

samples contained ~3-7 wt% Gt.

3.3 Evolution of Fe site type populations during Fh ageing

The evolution of tetrahedral versus octahedral iron sites in Fh
as function of ageing time was monitored by measuring the
Fe L, ;-edges XANES and XMCD spectra and quantifying the
changes in spectral peak intensities. As Gt and Hm are
predominantly antiferromagnetic and saturate magnetically
at 57 T and 3 T respectively,”® the XMCD signal measured at
a field strength of 1.8 T is dominantly from Fh. The time-
evolution of Fe L, ;-edges XANES and XMCD spectra for Fh
samples of 7, 30, 112, and 207 days old synthesized in
aerobic and aged in anaerobic conditions are shown in
Fig. 5. We note that the XANES and XMCD spectra measured
present features similar to those obtained by Guyodo et al.*>
who examined 6-line Fh. In particular, the presence of an
intense positive peak in the XMCD signal at about 709 eV,
which based on previous theoretical simulations of Fe L, ;-
edges XANES and XMCD of magnetite,”” clearly indicates the
presence of tetrahedral Fe(m) in the samples. The fact that an

a T | T T | T | T
1.0— — 7 days
B — 30days |
0.8— — 112 days |
I~ FeT — 207 days |

XANES Intensity (arb. units)

z

S 0.02
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€ -0.02— — 30 days —|
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Energy (eV)

Fig. 5 Time-evolution of the Fe L-edge (a) XANES and corresponding
(b) XMCD spectra for Fh samples synthesized in aerobic and aged in
anaerobic conditions for a duration of 7, 30, 112, and 207 days. The
peaks associated to tetrahedral and octahedral Fe(in) are labelled as Fe"
and Fe® respectively.
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XMCD spectra signal is observable at all indicates the
presence of a magnetic moment in the Fh, arising from the
imperfect cancelation of tetrahedral and octahedral site spin
sublattices coupled antiparallel.?>’® In addition to this
magnetically ordered Fe fraction observable by XMCD, the
presence of tetrahedral Fe in the L-edge XANES spectra
(magnetically ordered and disordered contributions) can also
be observed by the filling of the minimum between the pre-
and main-edges in Fig. 5a (labelled Fe”). In Fig. 5b, the
XMCD signal for tetrahedral Fe(ur) can be seen to gradually
decrease as Fh ages, thereby indicating that the 7 days old
2-line Fh, stored under anaerobic conditions, contains more
tetrahedral Fe(u) than older samples. This is also seen in the
Fe L-edge XANES in Fig. 5a for which the intensity of the
minimum between pre- and main-edges decreases.

In order to quantify the evolution of the octahedral
(Fe°(mr)) and tetrahedral (Fe'(m1)) iron site population in Fh as
function of ageing, we performed a linear combination fit
(LCF) of the XMCD spectra with two individual Fe(m)
components, as shown in Fig. S95 The contribution of the
tetrahedral Fe(m) component as function of ageing time is
shown in Fig. 6. For fresh Fh samples the amount of
tetrahedral Fe is similar to that of octahedral Fe with a
contribution of 50% to the XMCD signal. This indicates that
for fresh 2-line Fh that there are as many tetrahedral Fe as
octahedral Fe sites, substantially more than nominally
expected based on the amount of tetrahedral Fh in the
defect-free Fh model of Michel et al.,"> which ideally contains
20% of tetrahedral sites, and larger than the value of 28 + 3%
reported by Guyodo et al.>® for 6-line Fh. Because the latter
study showed that XMCD collected at the Fe L-edge in more
surface-sensitive total electron yield mode (as was done in
the present study) gives similar results to more penetrating
Fe K-edge XMCD collected in total fluorescence yield mode,
the large proportion of Fe(ur) we observe is unlikely to reflect
enrichment of these sites at Fh surfaces. Rather, the high
initial proportion of Fe'(m) appears to be intrinsic to fresh
2-line Fh aged anaerobically. However, Fig. 6 shows that the
tetrahedral contribution to the XMCD signal gradually
decreases as Fh ages. After 100 days, the contribution of
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£ B (9] v
o (%] o w
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w
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|
100 200 300 400 500 600 700 800
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Fig. 6 Time-evolution of the relative fraction of Fe(in) tetrahedral sites
in Fh samples synthesized in aerobic conditions and aged in anaerobic
conditions as function of ageing. The estimated error on the relative
fractions has been represented by vertical lines at each point.
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Fig. 7
conditions and aged in either aerobic or anaerobic conditions.

tetrahedral Fe sites has decreased to a lower limit of about 40
+ 5%, closer to the estimation for 6-line Fh.*?

The difference may also arise, at least in part, due to
anaerobic conditions stabilizing more tetrahedral Fe sites in Fh
compared to more commonly used aerobic conditions.'*”* To
evaluate this prospect, we synthesized 2-line Fh samples in
aerobic conditions and aged the fresh samples in either aerobic
or anaerobic conditions for 2 days. A comparison of the Fe L, 3-
edges XANES and XMCD, and O K-edge XANES spectra is shown
in Fig. 7. The results clearly indicate that anaerobic ageing
conditions favor the formation of tetrahedral iron compared to
aerobic ageing conditions. As shown in Fig. 7a, the minimum
between the pre- and main-edge in Fe L, ;-edges XANES spectra
is more filled for Fh aged in anaerobic than in aerobic
conditions. This is consistent with a more intense XMCD peak
at ~709 eV in Fig. 7b, associated with tetrahedral Fe(m). A linear
combination fit of the aerobic and anaerobic XMCD signals
respectively yields 37% and 50% tetrahedral Fe(ur), as shown in
Fig. S10a and bj Given that the observed amount of 37%
tetrahedral Fe for fresh Fh samples aged in aerobic conditions
is associated with a Fh sample only 2 days old, and that from
the anaerobic ageing behavior (Fig. 6) we observed a steady
decrease with further aging, we can expect a similar decrease in
the aerobic aging case. This would likely bring the amount of
tetrahedral Fe in aerobic aged 2-line Fh samples close to the
value determined for 6-line Fh by Guyodo et al.”*

Initial
Population
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100%
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20%

0%

OH~

OH™
VFe
VFe

ﬂ » Storage

" Conditions

Anaerobic Aerobic

Fig. 8 Summary of the initial tetrahedral Fe and OH™ population
trends obtained for fresh Fh samples aged in either anaerobic or
aerobic conditions.
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(a) Comparison of Fe L,3-edges XANES, (b) XMCD, and (c) O K-edge XANES of fresh Fh samples (2 days old) synthesized in aerobic

In addition, the O K-edge XANES spectra, shown in
Fig. 7c, for both experimental conditions suggests that Fh
samples maintained in aerobic conditions are more hydrated
than those maintained in anaerobic conditions as peak #3,
associated with the OH™ contribution, is more intense relative
to the O* contribution. A linear combination fit of the two O
K-edge XANES spectra, shown in Fig. S10c and d,} yields OH"
contributions of 87% and 64% for Fh aged in aerobic and
anaerobic conditions, respectively. This further implies a
potential interdependence between the amount of hydroxyl
content and that of tetrahedral Fe(u) in the samples, such
that the relative proportion of tetrahedral Fe(u) in Fh is
smaller as the hydroxyl contribution gets larger. As one
possible mechanistic explanation, the apparently larger
hydroxyl content and lower tetrahedral Fe(m) proportion
detected in the aerobically aged Fh may reflect conversion of
some fraction of the latter to octahedral Fe(m) by saturation
of some of the available coordination sites on tetrahedral
Fe(m) with OH™. Analysis of Fe L-edge XMCD for additionally
tested fresh Fh in the mixed combination of aerobic/
anaerobic synthesis and ageing conditions is shown in Fig.
S11,f which confirms the trend that fresh Fh aged in
anaerobic conditions has more than 40% tetrahedral Fe,
while the samples aged in aerobic conditions have less than
40% tetrahedral Fe, regardless of their synthesis condition.
Fig. 8 summarizes the initial OH™ and tetrahedral Fe ("Fe)
trends for fresh Fh samples stored in either aerobic or
anaerobic conditions.

4. Conclusions

Key structural and compositional properties of 2-line Fh have
been measured as a function of ageing time, and aerobic
versus anaerobic conditions during synthesis and storage.
The overall findings suggest that for fresh Fh samples, the
tetrahedral iron and hydroxyl populations are correlated and
that their initial population is more dependent on storage
conditions rather than those at synthesis. For fresh Fh stored
in anaerobic conditions, the initial tetrahedral iron
population is larger and the hydroxyl population is lower
than Fh stored in aerobic conditions. With ageing, those two

populations decrease over time, consistent with an
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interdependence between them. Despite these structural and
compositional differences at early ageing timescales, aerobic
versus anaerobic storage conditions do not affect the long-
term transformation rate to more stable Gt and Hm, nor the
relative proportion of these product phases produced. This is
consistent with similar pH and TIC characteristics across the
sample set. Nonetheless, our findings highlight the impact of
storage conditions on the structure and hydration of Fh at
early stages, clearly indicating the importance of
differentiating Fh samples on the basis of both age and
environmental conditions during ageing.
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