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Biologically synthesized magnetite (Fe;O4) nanoparticles are studied using x-ray absorption and
x-ray magnetic circular dichroism following exposure to hexavalent Cr solution. By examining their
magnetic state, Cr cations are shown to exist in trivalent form on octahedral sites within the
magnetite spinel surface. The possibility of reducing toxic Cr(VI) into a stable, nontoxic form, such

as a Cr’*

-spinel layer, makes biogenic magnetite nanoparticles an attractive candidate for Cr

remediation. © 2009 American Institute of Physics. [doi:10.1063/1.3249578]

Magnetic nanoparticles have potential applications in ar-
eas as diverse as cancer therapies1 and magnetoelectronic
devices.>® Their enhanced surface catalytic properties also
make them very suitable for oxidation-reduction (redox)
reactions.” One such reaction that has important environmen-
tal and health consequences involves the reduction and im-
mobilization of highly toxic Cr®* cations, found in Cr con-
taminated groundwaters, to their less harmful Cr**
counterpart.4’5 In this letter we describe the use of x-ray ab-
sorption (XA) and x-ray magnetic circular dichroism
(XMCD) to probe the near surface region of biologically
synthesized (biogenic) magnetite nanoparticles, following
exposure to varying concentrations of Cr® containing solu-
tion. Biogenic magnetite offers a route to the scaled-up nano-
particle production required for Cr remediation, while using
environmentally friendly preparation methods. Previous Cr
remediation studies using synthetic zero-valent Fe and iron
oxide surfaces suggested the formation of Cr’*-rich oxide
and oxyhydroxide surface layers % In contrast, the results
presented here indicate the incorporation of Cr** cations into
octahedral sites of the magnetite spinel structure.

Highly crystalline biogenic magnetite nanoparticles
with average dimensions of ~20 nm were obtained from
a ferrihydrite suspension starting material using the bacte-
rium Geobacter sulfurreducens, as described in detail
elsewhere.”® The nanoparticles were subsequently exposed
to a solution of Cr(VI) (potassium chromate) at varying con-
centrations of 0.5, 1, and 5 mM.® Batch chromate reduction
experiments clearly showed that the biogenic magnetite
nanoparticles were successful at reducing Cr(VI) for all con-
centrations used.® XA and XMCD measurements were per-
formed on untreated and Cr-exposed samples, using beam-
line 4.0.2 at the Advanced Light Source, Lawrence Berkeley
National Laboratory. Spectra were obtained using total-
electron-yield detection, which gives a probing depth of
~4 nm. Care was taken to ensure that the nanoparticles
were maintained in anaerobic conditions at all stages of the
experiment by placing them in airtight containers for trans-
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port and performing sample handling only in anaerobic en-
vironments.

The XA spectra measured across the Cr and Fe L,;
edges for the Cr treated nanoparticles are shown in Fig. 1.
From the relative heights of the main Cr and Fe L; absorp-
tion peaks, the deduced Cr content in the nanoparticles dis-
plays a scaling behavior with increasing Cr(VI) concentra-
tion, consistent with prev1ous studies on magnetite surfaces
reacted with Cr solution.® In addition, a shoulder feature at
~708 eV on the Fe main absorption feature develops with
increasing Cr content (Fig. 1) indicating the surface oxida-
tion of magnetite Fe?* cations to Fe3*,? which is an expected
consequence of the redox reaction with Cr(VI) solution. The
same Fe®* enrichment would also be seen by substituting
Fe?* cations by Cr.

The Cr XA spectrum for the sample treated with 5 mM
Cr(VI) solutions is compared to standard compounds in Fig.
2(a). Samples treated with lower Cr(VI) concentrations dis-
played almost identical spectra. It can be seen that the nano-
particle spectrum is very similar to that obtained from the
trivalent Cr compound and varies greatly from the Cr®* con-
taining compound. There is no obvious contribution from
Cr®" to the XA spectrum, suggesting that the surface contains
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FIG. 1. XA spectra of the Cr and Fe L, ; edges for magnetite nanoparticles
treated with solutions of varying Cr(VI) concentration.
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FIG. 2. (Color online) (a) Cr L, 3 XA spectra for nanoparticles treated with
5 mM solution (top) compared to standards obtained from Ref. 6. (b)
XMCD spectra for nanoparticles treated with solutions of varying Cr(VI)
concentration (top). The XMCD spectra were obtained after first normaliz-
ing the (background subtracted) XA spectra to unity at the L; maximum.
The lower curve is a charge transfer multiplet calculation reproduced from
Ref. 11.

predominately Cr** cations. Furthermore, the XA spectral
shape indicates an octahedral site symmetry for the Cr
cations,*'*!" in agreement with the strong site preference
due to the favorable fit of the charge distribution of the Cr**
ions in the crystal field at an octahedral site.

A more quantitative analysis can be performed using
XMCD, i.e., the difference of XA spectra measured using
circularly polarized x-rays in a 0.6 T magnetic field applied
parallel and antiparallel to the x-ray beam direction. The
XMCD spectra for the Cr-treated nanoparticles are shown in
Fig. 2(b). A clear dichroism is observed for all the samples,
indicating the presence of magnetic Cr cations in the nano-
particle surface region. The sign of the Cr XMCD signal
compared to that of the Fe confirms the octahedral site oc-
cupation. The XMCD spectra shown in Fig. 2(b) are almost
identical to those measured from CrFe,O, spinel ferrite
powders,ll and are well reproduced by a multiplet calcula-
tion using a charge-transfer model with trivalent Cr cations
on octahedral sites [Fig. 2(b)]. The close similarity of the
XMCD obtained here with that presented in Ref. 11 would
thus imply that at least some of the Cr must be incorporated
into the magnetite spinel structure. However, it can also be
seen from Fig. 2(b) that the relative strength of the XMCD
signal is weaker for higher Cr-content samples. Thus only a
portion of the Cr is able to incorporate into the spinel struc-
ture and so to become magnetically polarized. Additional Cr
must reside in nonmagnetic (or antiferromagnetic) Cr**-rich
surface phases, in agreement with previous observations*™®

The Fe cation site occupation in the nanoparticles was
investigated by analyzing the Fe L, ; XMCD. Spectra ob-
tained over the L; absorption region are shown for as-
prepared and Cr-treated samples in Fig. 3(a). The XMCD is

Appl. Phys. Lett. 95, 163701 (2009)
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FIG. 3. (Color online) Fe Ly XMCD measured from untreated magnetite
nanoparticles (dashed blue curve) compared to (a) nanoparticles treated with
5 mM Cr(VI) solution and (b) Co-doped magnetite nanoparticles (red solid
curves). The data in (b) is taken from Ref. 7.

the sum of the contributions from the possible cation sites”!?

where the most intense negative and positive peaks corre-
spond to the Fe?* and Fe** octahedral (Oh) and Fe3* tetrahe-
dral (Td) cation sites, respectively [see Fig. 3(a) for a peak
assignment]. It appears that the effect of Cr treatment is to
remove Fe?* cations in Oh sites, as indicated by the reduc-
tion in the first negative peak. However a comparison with
the XMCD obtained for Co-doped magnetite nanoparticles in
which only removal of Fe?* cations occurs [Fig. 3(b)],7 re-
veals an additional enhancement of the positive peak. This is
due to the spectral overlap of the components in the XMCD
spectrum such that a decrease in Fe’* Oh leads to a more
pronounced Fe** Td peak.

The Fe L; XMCD spectra were fitted using the weighted
sum of the theoretically calculated spectra for each Fe site as
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FIG. 4. (Color online) (a) Fe L, 3 XMCD spectra measured from untreated
and Cr(VI) reacted magnetite nanoparticles (black circles) together with
corresponding best-fit curves (red drawn curves). The corresponding scaled
cation site components used for the best-fit curves are shown in [(b) and

(©)].
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FIG. 5. (Color online) (a) Change in Fe** and Fe* octahedral (Oh) site
occupancy relative to the untreated sample, determined from fitting the
XMCD spectra. (b) Net change in Fe?* Oh occupation (corrected for oxida-
tion Fe?* — Fe3*), obtained by the sum of the curves in (a). Lines are guides
to the eye.

shown in Fig. 4. As there is no evidence of changes in the
tetrahedral site occupation following reaction with Cr in ei-
ther this experiment or previous work, the Fe** Td compo-
nent was fixed in the fitting procedure. From the fitted com-
ponents shown in Figs. 4(b) and 4(c) for the XMCD it can be
seen that the reaction with Cr solution decreases the Fe** site
occupancy, and increases Fe** occupancy, but by unequal
amounts. Thus it appears that both Cr** incorporation on
Fe?* sites and cation oxidation from Fe?* to Fe** has oc-
curred. The change in Fe?* and Fe** occupancy as a function
of Cr(VI) concentration for the entire sample series is shown
in Fig. 5(a). Their net difference in Fig. 5(b) gives an indi-
cation of the Cr occupancy. It can be seen from Fig. 5(b) that
Cr is incorporated into the spinel structure even at low initial
Cr(VI) concentrations, as was also found from the Cr L, ;
XMCD spectra. However, significant oxidation of the mag-
netite was only observed for the sample treated with 5 mM
concentration of Cr(VI) solution.

Appl. Phys. Lett. 95, 163701 (2009)

In summary, we have used XA and XMCD at the Fe and
Cr L, 5 edges to probe biogenic magnetite nanoparticles fol-
lowing redox reactions with Cr(VI) solution. The results
show the presence of magnetically polarized Cr** cations and
indicate the incorporation of Cr into octahedral sites in the
spinel near surface region. Higher Cr concentrations lead to
the additional formation of Cr-rich surface layers, as found in
previous studies.*™® Analysis of the Fe XMCD spectra en-
abled us to distinguish between Fe?* cations replaced due to
Cr substitution, and those oxidized to Fe*. The ability of the
nanoparticles to fully incorporate Cr into a stable spinel
structure at low Cr(VI) concentrations has huge implications
for environmental applications such as ground water reme-
diation, where the hexavalent Cr concentration is likely to be
even lower than that used in this study.
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