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Abstract

To optimise the production of biomagnetite for the bioremediation of metal
oxyanion contaminated waters, the reduction of aqueous Cr(VI) to Cr(Ill) by two
biogenic magnetites and a synthetic magnetite was evaluated under batch and continuous
flow conditions. Results indicate that nano-scale biogenic magnetite produced by
incubating synthetic schwertmannite powder in cell suspensions of Geobacter
sulfurreducens is more efficient at reducing Cr(VI) than either biogenic nano-magnetite
produced from a suspension of ferrihydrite “gel” or synthetic nano-scale Fe;O4 powder.
Although X-ray Photoelectron Spectroscopy (XPS) measurements obtained from post-
exposure magnetite samples reveal that both Cr(IlI) and Cr(VI) are associated with
nanoparticle surfaces, X-ray Magnetic Circular Dichroism (XMCD) studies indicate that
some Cr(III) has replaced octahedrally coordinated Fe in the lattice of the magnetite.
Inductively Coupled Plasma-Atomic Emission Spectrometry (ICP-AES) measurements of
total aqueous Cr in the associated solution phase indicated that, although the majority of
Cr(III) was incorporated within or adsorbed to the magnetite samples, a proportion (~10-
15 %) was released back into solution. Studies of Tc(VII) uptake by magnetites produced
via the different synthesis routes also revealed significant differences between them as
regards effectiveness for remediation. In addition, column studies using a y-camera to

99m

obtain real time images of a = Tc(VII) radiotracer were performed to visualise directly

the relative performances of the magnetite sorbents against ultra-trace concentrations of



metal oxyanion contaminants. Again, the magnetite produced from schwertmannite

proved capable of retaining more (~20 %) *™

Tc(VID) than the magnetite produced from
ferrihydrite, confirming that biomagnetite production for efficient environmental

remediation can be fine-tuned through careful selection of the initial Fe(Ill) mineral

substrate supplied to Fe(Ill)-reducing bacteria.



Introduction

Chromium contamination of soils, sediments and ground waters is a world-wide
problem arising as a result of the use of the metal in a range of industrial processes,
including leather tanning, pulp production, wood treatment, electroplating and various
other metallurgical applications (/). Natural sources of chromium include the weathering
of serpentinised ultramafic rocks leading to the formation of soils that locally may
contain levels of Cr in excess of 80,500 mg kg (2-4). In the natural environment,
chromium may participate in numerous oxidation-reduction reactions that can
dramatically alter its chemical properties. Typically, Cr occurs in two stable oxidation
states, Cr(III) and Cr(VI), which exhibit very different toxicological and transport
characteristics (3,5). Hexavalent chromium is a strong oxidising agent known to be toxic
to plants (6), animals (7,8) and humans (9). In mammals, Cr(VI) is tetratogenic (10),
mutagenic (//) and carcinogenic (9,72). The dangers posed by the toxicity of Cr(VI) are
increased by its occurrence as an oxyanion that is only weakly adsorbed by mineral
surfaces (4), and the fact that it does not form a stable (oxyhydr)oxide. As a consequence,
Cr(VI) is highly mobile (2,13). In contrast, Cr(IIl) can be regarded as effectively
immobile in most environments due to the low solubility of Cr(IIl)-(oxyhydr)oxides, and
the formation of strong sorption complexes at the surfaces of soil minerals (3). The
relatively low toxicity of Cr(Ill) is due primarily to these factors, coupled with poor

biological uptake and adsorption (74,15).

The World Health Organization (WHO) has set a maximum acceptable guideline

concentration of 0.5 mg 1" for chromate in drinking water (76). In many instances,



compliance with this guideline requires the treatment of industrial effluents prior to
discharge into municipal waste water systems (3). Existing chemical and electrochemical
treatment strategies involve reducing aqueous Cr(VI) to Cr(IIl), accompanied by pH
adjustment in order to precipitate the Cr(II) ions (5). There are also a number of Cr(VI)
treatment strategies that utilise chemical reductants to form Cr(IIl) (5). These involve the
use of low solubility Fe(Il)-bearing compounds such as magnetite (/7), or Fe electrodes

(18-20), or reduced sulfur-bearing compounds (3,5).

The aim of the present work is to compare both the rate and efficiency of Cr(VI)
reduction by synthetic and biogenic nanoparticulate magnetites produced by the Fe(III)-
reducing bacterium Geobacter sulfurreducens, under both batch and continuous flow
conditions. The atomic-scale mechanism of Cr(VI) reduction/immobilization at the
magnetite-solution interface has been investigated by measurements of Cr and Fe in
solution and studies of the solids and surfaces using X-ray diffraction (XRD), X-ray
photoelectron spectroscopy (XPS), transmission electron microscopy (TEM) and X-ray
magnetic circular dichroism (XMCD) before and after exposure to aqueous Cr(VI). The
impact of dissolved oxygen on Cr(VI) reduction has also been investigated. Cr(VI)
reduction by the synthetic and biomagnetites in columns was also monitored, and these
experiments were augmented by experiments in which a y-camera was used to visualise
directly the migration of a **™T¢(VII) (TcOy) radiotracer. This approach also allowed the
total radioactivity associated with the influent and effluent flows to be measured directly,
and confirmed the enhanced performance of biologically synthesized magnetite in

remediation of systems containing ultra-trace concentrations of toxic metal oxyanions.



Experimental
Magnetite formation

A ferrihydrite “gel” was produced by forced alkaline hydrolysis of a FeCl;.6H,O
solution (Sigma Aldrich) as described by (21), the resulting precipitate was stored as a
suspension at 4°C in 18.2 MQ water. Schwertmannite was prepared using a modified
version of the method described by (22). The precipitate was washed six-times in 18.2

MQ water, freeze dried and stored under a nitrogen atmosphere until required.

An isolate of G. sulfurreducens was obtained from our laboratory culture
collection and grown under anaerobic conditions at 30°C in modified fresh water
medium (23). Sodium acetate (20 mM) and fumarate (40 mM) were provided as the
electron donor and acceptor, respectively. All manipulations were performed under an
atmosphere of N,-CO, (80:20). Late log-phase cultures of G. sulfurreducens were
harvested by centrifugation (4920 g for 20 minutes) and washed twice in bicarbonate
buffer (NaHCOs3; 30 mM, pH 7.1) under N,-CO; (80:20) gas. Aliquots of the washed
cell suspension (0.3ml) were added to sealed anaerobic bottles containing bicarbonate
buffer and 0.1 g or ~ 0.5 ml of the appropriate Fe(Il)-bearing starting material. The
final concentration of bacteria was 0.6 mg protein per ml. Additions of sodium acetate
(20 mM) and AQDS (10 uM) were made from anaerobic stocks as required to give a
total volume of 10ml. Bottles were incubated at 20 C in the absence of light. Analyses
were carried out to determine the 0.5 M and 3 M HCl-extractable Fe(Il) using the

ferrozine method (2/). Following incubation, biogenic magnetites were concentrated



using a magnet and washed twice in anaerobic deionised water under anoxic conditions.
The resulting solids were then resuspended in 10 ml of anaerobic water and stored in

sealed glass serum bottles, prior to use in Cr(VI) and **"Tc(VII) reduction studies.

Analytical techniques

XRD measurements were performed using a Bruker instrument (D8Advance), with
a Cu Ky source. The instrument was equipped with a Gobel mirror and all data were
obtained using Soller slits on both the X-ray tube and the detector, the antiscatter slits were

wide open (3°). Diffraction data was acquired over a range of 15° 26 — 70° 20, with a step

size of 0.02° 26.

TEM images and Selected Area Electron Diffraction (SAED) patterns were
acquired using a Phillips/FEI CM200, equipped with a Field Emission Gun, EDX system
(Oxford Instruments UTW ISIS) and a Gatan Imaging Filter and with an operating beam
voltage of 200keV. A droplet of each of the dispersions was placed on holey carbon grids

(Agar) and allowed to dry prior to imaging.

XPS data were recorded using a Kratos instrument (Axis Ultra) employing a
monochromated Al K, X-ray source and an analyser pass energy of 20 eV, resulting in a
total energy resolution of ca. 0.9 eV. The system base pressure was 5 x 107" mbar.
Samples were loaded into the spectrometer via a dry nitrogen glove box to avoid exposure
to atmospheric oxygen. Photoelectron Binding Energies (BE) were referenced to C ls

adventitious contamination peaks set at 285 eV BE. The analyser was calibrated using



elemental references: Au 4f7, (83.98 eV BE), Ag 3ds, (368.26 eV BE) and Cu 2ps;
(932.67 eV BE). Fitting of XPS data involved subtraction of an appropriate background
from all spectra (24). Synthetic components (70% Lorentzian: 30% Gaussian) were then

assigned to the Fe 2p region based on multiplet splitting calculations performed for free Fe

ions (25,26).

X-ray adsorption spectra (XAS) spectra were obtained on station 4.0.2 at the
Advanced Light Source (Berkeley, CA, USA), using an octopole magnet end station (27).
Samples of magnetite were analysed both before and after exposure to Cr(VI), to assess the
effect on the oxidation state and site occupancy of both Fe and Cr. XAS were monitored in
Total-Electron Yield (TEY) mode, which gives an effective probing depth of ~4.5 nm. At
each energy point the XAS were measured for the two opposite magnetization directions
by reversing the 0.6 Tesla applied field. The spectra for the two magnetization directions
were normalised to the incident beam intensity and subtracted to give the XMCD spectrum
(28). The measured Fe L,3; XMCD was used to obtain the site occupancies of the Fe

cations in the spinel structure of biogenic magnetite precipitates, see (29-31) for details.

Batch chromate reduction experiments

Batch Cr(VI) reduction experiments involved known amounts of magnetite slurry
and a solution of Cr(VI) (potassium chromate) at a Cr(VI) concentration of either 0.1
mM, 0.5 mM, 1 mM or 5 mM in a total volume of 10 ml. All bottles, other than those
used to investigate the influence of dissolved oxygen, had a head-space comprising N»(g),

with 1.2 % Hy(g). For aerobic systems, bottles were exposed to atmospheric oxygen prior



to experimentation in order to allow equilibration. All bottles were stored at 20 °C in the

dark

Chromate and pertechnetate column reduction experiments

Continuous flow experiments were performed in glass columns measuring 300
mm in length and 30 mm in diameter. A cotton wool bung was placed at the bottom of
the column, followed by a 3 cm layer of high purity natural quartz (Congleton) sand (32).
This was followed by a layer of ferrihydrite derived magnetite, as a slurry of known
concentration with a volume of either 1.08 ml, 2.16 ml, 5.4 ml, 25 ml or 125 ml and
covered with an additional layer of Congleton sand. An aqueous solution containing
Cr(VI) (50 pmol) was pumped through the column using a peristaltic pump (Watson
Marlow 205S5); the flow direction was from the bottom of the column to the top. The
solution pumping rate was fixed at 15 ml h”', resulting in an average residence time of
approximately 5 h in the column. Effluent samples (5 ml) were removed from the top of
the column for determination of aqueous Cr(VI). All experiments, unless otherwise
stated, were conducted at room temperature under anaerobic conditions and with light
excluded from the influent Cr(VI) solution. A column that contained only Congleton sand

was used as a control.

Additional column studies aimed at reducing Tc(VII) (TcO4) to Tc(IV),

analogous to the Cr(VI) reduction experiments, were conducted at Manchester Royal

f 99m

Infirmary using ultra-trace concentrations o Tc. A gamma-camera (GE3 Low Energy

f 99m.

High Resolution) was used to directly visualise the activity o Tc present within the



column system. The influent solution was spiked with 10 ml of Tc(VII) stock solution,
and followed by deionised water. The total activities of the influent **"Tc solutions were
determined to be 20 MBq, 24.1 MBq and 21.7 MBq for the control, ferrihydrite-derived
magnetite and schwertmannite-derived magnetite-bearing columns respectively. The
columns were placed in front of the gamma camera and the influent solutions were
pumped through the systems, and the effluent solutions were collected in a separate
vessel, sequential images were acquired for 5 min at regular 20 min intervals for the first
hour, and then at 30 minute intervals up to 14 h. Any activity remaining in the effluent
containers was also measured using the gamma camera. Columns without magnetite were
used as controls throughout. Somewhere you need to mention the approx molar conc of

the Tc.

Iron and chromium analyses

Following the incubation of both ferrihydrite and schwertmannite with G.
sulfurreducens, several serum bottles containing the post-reduction minerals were
sacrificed in order to accurately determine total Fe concentration. Following digestion in
conc? hydrofluoric acid (HF) the concentration of Fe present within each serum bottle
was determined using Inductively Coupled Plasma Atomic Emission Spectrometry (ICP-

AES) (Perkin- Elmer, Optima 5300DV).

Batch Cr(VI) reduction experiments were sampled regularly, and aliquots of

slurry were removed in order to determine total Fe and total Cr remaining in solution.

These samples were filtered to remove any particulate material prior to dilution and
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acidification using 2 % HNO; (4nalar, BDH). All samples were then stored in the dark at
4° C prior to analysis by ICP-AES. Columns were sampled by removing a 5 ml aliquot
from the effluent at the top of the column at predetermined times. The Cr(VI)

concentration in all experiments was determined using the DPC spectrophotometric assay

(33).

Results and Discussion
Characterization of starting materials and biogenic solids

Both the starting materials (ferrihydrite “gel” and schwertmannite powder) and
the resulting biogenic magnetites were characterised using X-ray Diffraction (XRD).
Details of these analyses have been published previously (34,35). These studies indicate
that, for both starting materials, extended incubation with G. sulfurreducens results in the
conversion of a poorly ordered Fe(IlI)-containing material to a highly crystalline biogenic

magnetite.

TEM images and Selected Area Electron Diffraction (SAED) patterns for both
starting materials indicate that the ferrihydrite gel, when dried, is a fine grained material
with a particle size of ~2 nm [Figure 1(a)]. By contrast, images of the schwertmannite
sample reveal a chaotic mixture of randomly orientated polycrystalline whiskers that are
~30-40 nm in length and less than ~5 nm in width similar to the synthetic schwertmannite
described by (36) (Figure 1(b)). TEM images of the samples after extended incubation
with G. sulfurreducens are consistent with a change in mineralogy to a highly crystalline

material. The appearance of lattice fringes and the corresponding SAED pattern indicate
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that the biotransformation product is magnetite. Both samples are shown to have a
roughly spherical particle morphology with an approximate particle size of 10-20 nm

[Figure 1(c) and (d)].

High-resolution Fe 2p XPS data obtained from ferrihydrite and schwertmannite
show that Fe 2ps/, peaks occur at ~711.3 eV and 711.6 eV BE respectively, characteristic
of ferric iron (25),(35). Changes in the solid state Fe speciation during incubation with G.
sulfurreducens are highlighted by Fe 2p XPS obtained from synthetic magnetite,
ferrihydrite-derived magnetite and schwertmannite-derived magnetite (see Figure 2)
where two satellites are present at ~716 eV BE and ~719 eV BE that are characteristic of

mixed valence Fe minerals such as magnetite (Fe;O4).

Kinetics of Cr(V1) reduction by magnetite

Batch reduction experiments were performed with fixed initial Cr(VI)
concentrations of 0.1 mM, 0.5 mM, 1 mM or 5 mM. For experiments with Cr(VI)
concentrations of either 0.1 mM or 0.5 mM, both biogenic magnetites were able to
rapidly remove all of the Cr(VI) from solution. For an initial Cr(VI) concentration of 1
mM both biogenic magnetites were able to remove significantly more aqueous Cr(VI)
than synthetic magnetite (Figure 3). After 300 min incubation, synthetic magnetite was
able to remove 58 % (C/Cy = 0.42) of the Cr(VI), whilst ferrihydrite-derived magnetite
and schwertmannite-derived magnetite were able to remove 70% (C/Cyp = 0.3) and 95%

(C/Cp = 0.05) of the total Cr(VI), respectively.
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When the concentration of Cr(VI) was increased to 5 mM, f-magnetite and s-
magnetite were able to reduce 0.92 mM (C/Cy = 0.82) and 1.7 mM (C/Cy = 0.66) of the
total Cr(VI) respectively. In keeping with experiments performed at lower initial Cr(VI)
concentrations, the biogenic schwertmannite-derived magnetite sample was able to
reduce 85 % more Cr(VI) than ferrihydrite-derived magnetite. This will be addressed in
more detail below in terms of an electron balance for the two half reactions Cr(VI) + 3¢

— Cr(IIT) and 3Fe* - 3¢~ «> 3Fe’".

Effect of oxygen fugacity

The activity of dissolved oxygen is a key factor affecting systems in which
aqueous Cr(VI) reduction is coupled to the oxidation of Fe(Il). Data obtained following
the exposure of ferrihydrite-derived magnetite and schwertmannite-derived magnetite to
0.1 mM and 0.5 mM Cr(VI), under either anaerobic or acrobic conditions, are shown in
Figure 4. Under anaerobic conditions, complete removal of Cr(VI) from a 0.1 mM
solution was achieved within 40 minutes using biogenic magnetite synthesised from
either starting material (Figure 4). Similar rapid removal of Cr(VI) occurred under
anaerobic conditions when either biogenic magnetite was added to a 0.5 mM Cr(VI)
solution, with all Cr(VI) removed after 430 minutes (Figure 4). However, under aerobic
conditions although s-magnetite completely removed all Cr(VI) from a 0.5 mM solution
in only 430 minutes, f-magnetite only removed 46% of the 0.5 mM Cr(VI) solution over

the same time period (Figure 4).
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The precise reasons for the observed differences in susceptibility of the magnetite
samples to oxygen exposure are not fully understood. However, XPS results shown in our
previous studies (35) and in Figure 2(iii) indicate that the near-surface region of
schwertmannite-derived magnetite is reduced with respect to stoichiometric Fe;O4. The
Fe(II):Fe(III) ratio of the schwertmannite-derived magnetite is 58:42 based on fitting of
XPS data. By contrast, the Fe(Il):Fe(IIl) ratio for ferrihydrite-derived magnetite is 24:76
[Figure 2(ii)]; thus, ferrihydrite-derived magnetite contains 35 % less Fe(Il) at or near the
surface than schwertmannite-derived magnetite. Iron speciation data obtained using
ferrozine assay following total digestion in 3 M HCI indicate that the bulk
schwertmannite-derived magnetite contains 17 % more Fe(Il) than ferrihydrite-derived
magnetite. Comparison of this bulk Fe(Il) measurement with the surface sensitive
(approximately 60 A maximum analysis depth) XPS data indicates that the near surface
regions of schwertmannite-derived magnetite crystallites are enriched in Fe(Il) by ~ 18 %
relative to the bulk. We directly attribute differences in aqueous Cr(VI) reduction
between the two biogenic samples to the relatively high concentration of Fe(Il) in the
near-surface region of schwertmannite-derived magnetite. Furthermore, we propose that
for s-magnetite, the excess Fe(Il) associated with the surface region exists as sorbed Fe*",
possibly serving to stabilize the over-reduced Fe;O4-solution interface when in contact
with an oxidizing aqueous solution. Numerous authors have demonstrated the heightened
performance of particulate mineral suspensions when prepared with adsorbed Fe*" in

various reduction experiments (37-44).

Electron balance and reaction stoichiometry
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For a stoichiometric redox reaction, 3 mol of Fe(Il) are required in order to reduce
1 mol of Cr(VI) to Cr(Ill). However, previous authors have demonstrated that for
aqueous Fe(Il), between 3 and 4 equivalents were required in order to reduce 1 equivalent
of Cr(VI), and that the reaction product is a mixed iron(Ill)-chromium(IIl) hydroxide at
neutral pH (5,45). In the present study, the Cr(VI) reduction efficiency has been
determined in two different ways. Firstly, results are expressed based on the assumption
that all of the magnetite samples are stoichiometric Fe;O4 and that 3 mol of Fe(Il) are
required to reduce 1 mol of Cr(VI). Too eliminate systematic bias, all Cr(VI) reduction
data presented here are normalised to total Fe concentration. Therefore, either enrichment
or depletion of Fe(Il) relative to stoichiometric Fe;O4 will result in an increase or
decrease in Cr(VI) reduction capacity. For systems containing ferrihydrite-derived
magnetite, the total Fe concentration was 131.2 mM i.e. equivalent to a magnetite
concentration of 44 mM or 10.1 g I"'. For schwertmannite-derived magnetite, the total Fe
concentration was 83.0 mM i.e. equivalent to a magnetite concentration of 27.7 mM or
6.4 g I''. If one assumes initially that both biogenic magnetites were stoichiometric Fe;O4,
then suspensions of ferrihydrite- and schwertmannite-derived magnetite contained the
equivalent of 14.6 mM and 9.2 mM Fe(Il), respectively. Thus, assuming the participation
of structural Fe(II), the maximum amount of Cr(VI) that should have been reduced by the
ferrihydrite-derived magnetite suspension is equivalent to 4.86 mM, whilst s-magnetite
should have been capable of reducing 3.1 mM Cr(VI), assuming 100 % efficiency.
Experiments were performed where initial Cr(VI) concentrations in the contacting
solutions were 0.1 mM (5.2 mg 1), 0.5 mM (26 mg 1), 1 mM (104 mg 1" or 5 mM (260

mg I""). As mentioned above, a batch with an initial Cr(VI) concentration of 5 mM
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yielded C/C, values of 0.66 for s-magnetite and 0.82 for ferrihydrite derived magnetite.
Hence, schwertmannite-derived magnetite was able to reduce 21 % more Cr(VI) than the
maximum expected for stoichiometric Fe;Oq4; by contrast, ferrihydrite-derived magnetite
reduced 48 % less. As mentioned above, XPS results indicated the near-surface region of
s-magnetite contains 35 % more Fe(II) than ferrihydrite-derived magnetite, whereas bulk
digests indicate that the average Fe(II) enrichment is only 17 %. Furthermore, XPS
analysis of ferrihydrite-derived magnetite yielded an Fe(Il):Fe(IIl) ratio of 24:76,
indicating that the near surface region was slightly oxidized with respect to stoichiometric
Fe;04. Thus, if the Cr(VI) data are normalised to total surface Fe(Il), ferrihydrite-derived
magnetite should have been capable of completely reducing at the most, a 1.7 mM
solution of Cr(VI). The decrease in Cr concentration of 0.92 mM reported here suggests
that ~81 % of the total Fe(Il) present within ferrihydrite-derived magnetite was
unavailable for Cr(VI) reduction. By contrast, schwertmannite-derived magnetite should
have been capable of reducing, at most, between 3.6 mM and 4.1 mM of Cr(VI)
compared with 1.7 mM of Cr(VI) actually reduced. Thus, for the schwertmannite-derived
biogenic magnetite, between 41 % and 47 % of the total Fe(Il) remained following
equilibration with a 5 mM Cr(VI) solution. The discussion above clearly suggests that the
redox reaction between aqueous Cr(VI) and Fe(Il) present at the surface of s-magnetite
involves Fe(Il) ions located within the bulk of particles, and is not restricted entirely to
ions located immediately at the mineral-solution interface. This point will be further

discussed below.

Characterization of biogenic magnetites following exposure to Cr(VI)
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TEM images of biogenic magnetite samples after exposure to a 5 mM Cr(VI)
solution are shown in Figure 1(e-f). Inspection of these images, particularly at particle
margins did not reveal the presence of a second phase . Particles remained well
crystalline with a size of 10-20 nm, although they appeared to become more rounded in
shape with a more unifoem particle size distribution.. We interpret these changes as the
result of particle ripening in response to exposure to aqueous chromate. Similar changes
in iron oxide nanoparticle morphology due to interfacial redox reactions have been

documented (46).

Following exposure to a 5 mM aqueous Cr(VI) solution, XPS data obtained from
all three magnetites revealed the presence of Cr [Figure 5(b)]. Fitting of the main Cr 2p
peaks indicated that each comprise two components at 576.7 eV and 578.3 eV and 586.7
eV and 588.6 eV BE for schwertmannite-derived magnetite and 576.8 eV and 578.6 eV
and 586.7 eV and 588.4 eV BE for ferrihydrite-derived magnetite [see Figure 5(b)(ii-
ii1)]. A review of previous studies (71,47-49), together with our own XPS analyses of a
range of pure Cr salts, indicates that for Cr(VI), the 2p;,, peak is located between 579 eV-
579.8 eV BE, and that spin—orbit splitting observed for Cr(VI) is 8.7 eV-9.4 eV (1,47,48).
By contrast, for Cr(III) the 2p3, component occurs between 576.5 eV-576.9 eV BE and
the spin-orbit splitting associated with Cr(Ill) is 9.9 eV (1,47,48). Thus, we clearly see a

mixture of Cr(IIl) and Cr(VI) at the surfaces of the magnetite samples [Figure 5(b)(i-iii)].

Corresponding high-resolution Fe 2p XPS data obtained from the same samples as

the Cr 2p spectra are presented in Figure 5(a). All spectra exhibit a decrease in the
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intensity of the low-binding energy shoulder associated with the Fe 2ps, feature, located
at ~709 eV BE (cf. Figure 2). This change, coupled with an increase in the intensity of the
satellite feature located at ~719 eV BE, indicates that the near-surface regions of all the
magnetite samples tested here had been oxidised in response to exposure to aqueous
Cr(VI), in agreement with the Cr 2p XPS results that indicate some of the Cr(VI) had

been reduced to Cr(II), most likely by the Fe(II) associated with the magnetite.

In order to investigate the mechanism of Cr(VI) reduction by magnetite,
additional measurements were made on the same magnetite samples using XMCD. For
the Fe L,3-edge, the intensities of the three peaks labelled A, B and C in Figure 6(a)
correspond to the site occupancies of the Fe*" 0y, Fe* T, and Fe'™ Oy, respectively (for
further details, see (29)). XMCD spectra for f-magnetite and s-magnetite before and after
exposure to a 5 mM Cr(VI) solution show a consistent trend with a decrease in Fe(II)
corresponding to an increase in Fe(IIl) on Oy, sites as shown by the cation site occupancy
data in Figure 6(a). Figure 6(b) shows the Cr L, 3-edge adsorption and XMCD spectra for
both magnetites following exposure to 5 mM Cr(VI); these are similar to the reference
spectrum of the antiferromagnetic mineral Cr,Os (50). However, since our samples
display a distinct XMCD signal [Figure 6(b)], which is impossible for an
antiferromagnetic material, the Cr is likely to be in the 3+ oxidation state but in a material
which is ferrimagnetic. In fact, the data are most similar to Cr(III) in a spinel-structured
compound, as our line-shapes are almost identical to (57) (CrFe,04) and similar to (50)
(Cr-thiospinels), where CrFe,O4 is a normal spinel in which the Cr(Ill) resides in the

octahedral (Oy) sites, whilst Fe(II) occupies tetrahedral (T4) sites (57). Based on the
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similarity of the calculated XAS and XMCD data to those obtained for CrFe,O4 (30), we
conclude that the Cr(Ill) is situated, at least partially, within the spinel lattice of the
magnetite, and located on Oy, sites. Examination of the Fe L, ;—edge offers support to this
model as, from the calculated fits in Figure 6(a), the amount of Fe(Ill) gained is not
completely accounted for by the loss of Fe(Il), as would be expected if magnetite
oxidation was the only process occurring. The difference is most likely due to the
incorporation of Cr(IIl) and suggests the formation of a Cr-spinel layer in both biogenic
magnetite samples. However, from the ratios of the XAS peak heights of Cr and Fe for
each sample, the schwertmannite magnetite sample contains approximately twice as
much Cr as the ferrihydrite-derived magnetite. The large difference in total Cr can be
accounted for by examination of the Cr L,3-edge XMCD spectra [Figure 6(b)], as for
schwertmannite-derived magnetite, the relative size of the XMCD spectrum is weaker
(and noisier) than that obtained for ferrihydrite-derived magnetite. An explanation for a
decrease in the magnetic signal in schwertmannite-derived magnetite, despite the
presence of more total Cr, could be the presence of a capping layer of material containing
non-magnetic Cr above the Cr-spinel layer on the schwertmannite-derived magnetite;
this would contribute to the XAS spectrum, but not the XMCD spectrum. This suggests
that schwertmannite-derived magnetite is able to adsorb a greater amount of a Cr(III) and
Cr(VI) within this non-magnetic surface layer compared to ferrihydrite-derived
magnetite. This interpretation does not preclude the possibility that ferrihydrite-derived
magnetite also has a Cr oxyhydroxide layer, but it must be a thinner layer than that

associated with schwertmannite-derived magnetite.
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Our data suggest that the atomic-scale structure of the evolving magnetite-
solution interface differs somewhat from models presented by previous authors (7,49).
From a mechanistic point of view, our Cr(VI) reduction kinetic data indicate that the
uptake and reduction of CrO,> ions occurs rapidly at magnetite surfaces. Following
uptake, Cr(VI) is reduced to Cr(IIl) as a result of the transfer of electrons from three Fe**
ions located at or near the magnetite surface. Comparison of Cr(VI) reduction data
obtained using the DPC spectrophotometric assay, total aqueous Cr measurements made
using ICP-AES and XPS Cr 2p data obtained following exposure to Cr(VI) show that,
although a proportion of the Cr (~14 %-20 %) is retained as Cr(III) following reduction,
the remainder is either adsorbed or released back into solution. This process may serve to
explain the relatively high reductive capacity of biogenic magnetite, since “desorption”
events may lead to “unblocking” of sites associated with Cr(VI) reduction. As mentioned
above, XMCD data indicate that the retained Cr(III) is both incorporated into the spinel
lattice, replacing Fe ions at Oy sites, and to some extent sorbed to the surface of the

magnetite as a second, non-magnetic, phase.

Cr(VI) and ™ Tc(V11) column studies

The efficiency of Cr(VI) reduction and retention by both ferrihydrite-derived
magnetite and schwertmannite-derived magnetite acting as permeable reactive barriers
was investigated in continuous flow column experiments containing 25 ml
(approximately 250 mg) magnetite. Figure 7 shows that columns containing biogenic

magnetite performed significantly better in terms of Cr(VI) retention compared to control
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columns containing only Congleton sand. The concentration of Cr(VI) at the top of the
control columns reached ~49 uM by 17 h after the introduction of a 50 uM Cr(VI)
solution into the columns. By contrast, the concentration of Cr(VI) in columns containing
either ferrihydrite-derived or schwertmannite-derived magnetite at 17 h were 14.9 uM
and 11.3 uM, respectively. The concentration of Cr(VI) in the effluent solution from the
control columns remained constant and approximately equal to the influent concentration
throughout the experiment. However, concentrations of Cr(VI) within the effluent flow
increased as a function of time within columns containing either ferrihydrite-derived or
schwertmannite-derived magnetite, with maximum Cr(VI) concentrations of 45.8 uM and
27.5 uM, respectively, after 160 h. The calculated column residence time was 15 h,
indicating that the Congleton sand itself can weakly attenuate Cr(VI) migration, albeit to
a very limited degree in comparison to columns containing biogenic magnetite. For
biogenic magnetite-bearing columns, systems containing schwertmannite-derived
magnetite were able to reduce and retain ~67 % more Cr(VI) than identical columns
containing ferrihydrite-derived magnetite. This result is consistent with the results of

batch Cr(VI) reduction studies presented above.

In order to assess the performance of the differently synthesised magnetite
minerals against trace concentrations of the redox active fission product Tc(VII), and to
visualise directly the transport dynamics of the continuous flow column systems,
experiments were conducted using a gamma camera and a *’"Tc radiotracer (conc and
activity needed here). Table 1 summarises the results of output from the imaging software

that quantifies the activity detected by the gamma camera. For all column systems, the
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total activity of technetium was obtained by summation of data obtained from different

M7 was lost from

components present within a given system. This confirmed that no
any of the columns due to leakage. Real time and space images of the column systems
containing only Congleton sand, and with either ferrihydrite-derived magnetite, or
schwertmannite-derived magnetite obtained at t = 14 h, are shown in Figure 8(a)..
Comparison of data presented in Table 1 and Figure 8(a) indicates that the majority of
PMTe(VID) was reduced and retained, presumably as insoluble Tc(IV) (53), by the
biogenic magnetite layers [Figure 8(b)]. By contrast, the control column containing only
Congleton sand was almost entirely devoid of activity. For the control column, the

#™T¢ tracer is present within the

majority (97 %) of the activity associated with the
effluent solution. This result is consistent with Cr(VI) reduction studies performed in

identical columns indicating that the Congleton sand, on its own, is ineffective at

reducing and retaining > Tc(VII).

Accurate scintillation counting of the effluent solutions at t = 38 h confirmed the

f *™Tc retention by each column; these values are summarised in Table 2.

efficiency o
The control column proved to be the least effective at retaining **"Tc(VII), the effluent
solution contained only 16.2 % less Tc(VII) than the influent solution. Again, in
agreement with Cr(VI) reduction studies, columns containing ferrihydrite-derived
magnetite and schwertmannite-derived magnetite performed significantly better, retaining

77.9 % and 97.8 % respectively of the influent Tc(VII) present within the solutions,

presumably via Fe(Il)-mediated reduction to insoluble Tc(IV).
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Our results indicate that nano-scale biogenic magnetites offer enhanced
performance for the remediation of toxic anions such as Cr(VI) and Tc(VII) when
compared to inorganic equivalents. Our data also suggest that the biomaterials can be
tailored to some extent to suit a desired application through selection of the optimal
starting Fe(III) mineral for bioreduction to magnetite. For example, magnetite derived
from ferrihydrite could be preferred if the absolute amount of Cr(VI) reduced per unit
mass of magnetite was not the primary concern. This material has been shown to form
particles that have a magnetite centre with a Cr-ferrite rim where the Cr should be
relatively resistant to remobilisation. Such materials may be particularly useful for
technological or biomedical applications, given the unique magnetite properties of
magnetite. On the other hand, if large scale removal and reduction of Cr(VI) is the
desired goal, then schwertmannite-derived magnetite has a far greater capacity for
reducing toxic Cr(VI) to the more benign Cr(IIl); although in this instance the thickness
of the Cr-ferrite rims are reduced and a comparatively thick capping layer of non-
magnetic adsorbed Cr(IIl) and Cr(VI) is formed. In both instance, any Cr(III) that is not
either incorporated or adsorbed to magnetite particles is ultimately released back into
solution. The performance of these materials in sifu and ex situ remediation processes is
warranted, including quantifying their transport and resistance (along with the reduced

insoluble toxic metals) to reoxidation and remobilisation.
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Table Captions
Table 1. Activity detected using a gamma camera of *™Tc (added as *™Tc (VII)) to
columns containing two biomagnetite phases (derived from schwertmannite and

ferrihydrite) and a synthetic magnetite control .

Table 2. Results of scintillation counting of the influent and effluent of the column

systems exposed to * " Tc(VII).
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Figure captions

Figure 1 Transmission electron microscopy of (a) ferrihydrite, (b) schwertmannite, (c)
ferrihydrite derived magnetite (f-magnetite), (d) schwertmannite derived magnetite (s-
magnetite, (¢) f-magnetite exposed to 5 mM Cr(VI) solution and (f) s-magnetite exposed

to 5 mM Cr(VI) solution.

Figure 2. XPS Fe 2p data of magnetic materials. (i) synthetic magnetite; (ii) biogenic
magnetite derived from ferrihydrite gel (f-magnetite) and (iii) biogenic magnetite derived

from schwertmannite powder (s-magnetite).

Figure 3. Kinetics of 1 mM aqueous Cr(VI) reduction by synthetic magnetite, ferrihydrite

derived magnetite (f-magnetite) and schwertmannite derived (s-magnetite).

Figure 4. Kinetics of aqueous Cr(VI) reduction by ferrihydrite derived magnetite (f-
magnetite) and schwertmannite derived (s-magnetite) from a 1 mM solution under

anaerobic conditions and a 0.5 mM solution under either anaerobic or aerobic conditions.

Figure 5. (a) XPS Fe 2p data and (b) XPS Cr 2p data obtained from (i) synthetic

magnetite, (i1) ferrihydrite derived magnetite (f-magnetite) and (iii) schwertmannite

derived magnetite (s-magnetite) after exposure to a 5 mM Cr(VI) solution.
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Figure 6. (a) Fe Ly3-edge XMCD spectra of (i) ferrihydrite derived magnetite (f-
magnetite); (i1) f-magnetite after exposure to 5 mM Cr(VI) solution; (iii) schwertmannite
derived magnetite (s-magnetite); (iv) s-magnetite after exposure to 5 mM Cr(VI) solution.
Fe cation site occupancies derived from the fitting of the Fe** Oy, (peak A), Fe** T4 (peak
B) and Fe’* O, (peak C) using calculated spectra are given underneath each spectrum,
errors are + 0.02 cations. (b) Cr Ly 3-edge XA (i) and relative XMCD (x 5) (ii) spectra for

s-magnetite (black curves) and f-magnetite (grey curves).

Figure 7. Cr(VI) concentration measured in the effluent solution from columns containing
Congleton sand only (control) and biogenic magnetite derived from either ferrihydrite
“gel” (f-magnetite) or synthetic schwertmannite powder (s-magnetite) as a function of

time.

Figure 8. (a) Activity imaged by the gamma camera in columns containing Congleton
sand only (control), a ferrihydrite derived magnetite (f-magnetite) layer and
schwertmannite derived magnetite (s-magnetite) layer. The small white circular spots
indicate the top and bottom of the columns. Activity seen at the foot of the image is
located within the effluent containers associated with a given columns system. The bright
bands in the f-magnetite and s-magnetite columns correspond to position of the magnetite
layers. (b) Activity imaged within the final effluent solutions issuing from the three
columns shown in figure 8(a). From left to right, the bright spots correspond to the total

activity associated with columns containing Congleton sand only, ferrihydrite derived
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magnetite and schwertmannite derived magnetite. All images were obtained from

underneath the effluent containers.

Table 1

Activity Detected (MBQ)

Activity Location control column f-magnetite column s-magnetite column
Effluent 12.85 481 0.21
Magnetite Layer 0.00 5.60 13.79
Rest of Column 0.00 2.49 0.06
Residue in Influent 0.45 0.20 0.05
Total 13.30 13.11 14.11
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Table 2

Effluent Influent Effluent Tc absorbed in
t =38 hours
Volume (ml) | Tc (MBq) Tc (MBq) column (%)
Control column 430 21.65 18.14 16.2
f-magnetite 372 19.92 4.40 77.9
s-magnetite 464 23.78 0.53 97.8
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Figure 1
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Figure 2
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Figure 4
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Figure 5
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Figure 6
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Figure 7
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