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The conversion of soluble uranyl ions (UO 13)
by bacterial reduction to sparingly soluble

uraninite (UO2(s)) is being studied as a way of
immobilizing subsur-face uranium
contamination. Under anaerobic conditions,
several known types of bacteria including iron
and sulfate reducing bacteria have been shown to
reduce U (VI) to U (IV). Experiments using a
suspension of uraninite (UO2(s)) particles
produced by Shewanella putrefaciens CN32
bacteria show a dependence of both longitudinal
(T1) and transverse (T2) magnetic resonance
(MR) relaxation times on the oxidation state
and solubility of the uranium. Gradient echo
and spin echo MR images were compared to
quantify the effect

caused by the magnetic field fluctuations (T * 2) of

the uraninite particles and soluble uranyl ions.
Since the precipitate studied was suspended in
liquid water, the effects of concentration and
particle aggregation were explored. A suspension
of uraninite particles was injected into a poly-
saccharide gel, which simulates the precipitation
environ-ment of uraninite in the extracellular
biofilm matrix. A reduction in the T2 of the gel
surrounding the particles was observed. Tests
done in situ using three bioreactors under
different mixing conditions, continuously stirred,
intermittently stirred, and not stirred, showed a
quantifiable T2 magnetic relaxation effect over
the extent of the reaction.
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Introduction

The non-invasive detection of biogeochemical
precipitation is an area of current research
interest due to the role of precipitation of
colloidal particles on subsurface transport
processes (Dong et al., 2006; Fang et al., 2009;
Novikov et al., 2006). In this work, the
potential of magnetic resonance (MR) contrast
to study the extent of reaction and spatial
distribution of precipitate in the bacterial
reduction of soluble wuranyl ion (]UOf?b) to
insoluble uraninite (UOz(S)}g is  explored. " The
data indicate a strong magnetic susceptibility
contrast due to the solid precipitate, which allows
gradient recalled echo-imaging  methods to
determine  spatial distributions of precipitate.
Of importance for establishing in situ MR sensing
methods to characterize biogeochemical
precipitation reactions is the impact of particle
size and sedimentation processes on MR

contrast mechanisms. Monitoring U(VI
reducing bioreactors that were unmixed, mixed
intermittently, and continuously stirred

demonstrat-ed the ability of MR relaxation
rates to characterize the precipitation reaction
and particle sedimentation.

Several types of subsurface bacteria, e.g.
Shewanella putrefaciens and Shewanella oneidensis,
are being studied for use in bioremediation of
uranium at nuclear waste sites (Abdelouas et al.,
1998; Neal et al., 2004; Sani et al., 2008; Suzuki et
al., 2002). The conversion from U(VI) to U(IV)
produces uraninite UO2(s) which is less soluble and
precipitates to form nanoparticles. Spatially resolved
MR techniques may be able to visualize uraninite
particles as they precipitate around or in bacteria or
within a biofilm. This will provide pertinent
information on the nature of metal precipitation and
subsequent immobilization in biofilms and allow for
measurement of potential reoxidation within
reduced-metal biofilms. Currently, there is not a



technique to quantify or visualize this reductive immobili-
zation process in a non-destructive manner. The ability to
measure both the size and spatial distribution of the
precipitate particles is important in modeling the transport
of the contaminant. Whether bacterially produced uraninite
particles undergo sorption processes to the microbes
themselves, to the biofilm extracellular polymeric substance
(EPS), or both can impact whether transport is enhanced or
reduced. In the context of a conceptual model of transport
(Flury and Qiu, 2008) for sorption of contaminants to
organic colloidal particles, this research provides a technique
to provide new data to develop analogous models for bio-
precipitate colloidal contaminants and their role in
transport.

MR studies of bioreactors have been undertaken for batch
reactors of cell suspensions (As and Lens, 2001; Bartacek
et al., 2009; Majors et al., 2008; Nott et al., 2001), packed
beds (Seymour et al., 2004b, 2007; Tallarek et al., 1998; von
der Schulenburg et al, 2008), and capillary reactors
(Seymour et al., 2004a). Recent studies using MR have
also been conducted considering the transport of colloids
through porous media (Brosten et al., 2010; Creber et al,,
2009). This work extends these studies to consider the
impact of mobile nanoparticle precipitate reaction products.
Direct MR of uranium has been measured (Ikushima et al.,
2001), however due to the MR active isotope (spin=7/2)
also being the radioactive isotope (*°U) with low natural
abundance and low inherent signal, direct detection of
uranium resonance is limited in its application.

Materials and Methods

MR Relaxation

MR relaxation experimental techniques have been used for
years as a non-invasive and non-destructive tool to study,
for example, the pore size distribution in rocks (Kleinberg
et al.,, 1994) and as a contrast mechanism in medical MR
imaging (Lauffer, 1987). The relaxation of MR signals occurs
due to spin-lattice interaction in the longitudinal direction
along the applied magnetic field (T}), and spin—spin dipolar
interactions (T,). The T, relaxation is dependent on
rotational mobility of the proton ('H) spins, e.g. in a solid
T, is short, on the order of s whilst in liquids it is long, on
the order of seconds. Paramagnetic ions in solution provide
dipole interactions that decrease T, (Abragam, 1961).
Inhomogeneity in magnetic fields is caused by interfaces of
materials with different magnetic susceptibilities, such as
water and solid nanoparticle interfaces, generating addi-
tional spin—spin relaxation termed 7’;. The relaxation caused
by inhomogeneity in the magnetic field can be refocused if
the time scale associated with the magnetization dephasing
is long enough, but will contribute to the measured T,
relaxation if the dephasing occurs over short time scales.
Thus, differences between T, and 7’5 effects is an indication
of the presence of nanoparticles. T relaxation is dependent

on the applied magnetic field, translational mobility, and
paramagnetic ions, but is less sensitive to these effects than
T, at laboratory-strength magnetic fields.

Washed U0y Particle and U02* Solution Experiments

To determine the impact of the uraninite nanoparticles on
water proton relaxation in the absence of biomass or
solution UO3™, a set of experiments was performed using a
suspension of UO,(, particles produced anaerobically by
Shewanella putrefaciens CN32 in an anoxic chamber (Coy
Laboratory Products Inc., Grass Lake, MI) containing a pre-
mixed gas of 90% N,, 5% H,, and 5% CO, (by volume), and
then thoroughly washed to remove bacterial matter following
the method described by Ulrich et al. (2008). The solution was
centrifuged and then treated with 1 M NaOH to destroy intact
cells, followed by incubation with anoxic hexane to separate
any remaining organic matter. The reduced U was then re-
suspended in 100mM anoxic KHCO; to remove any
remaining U (VI) adsorbed on the UO,, particles. The
suspension was then transferred into 5mm MR tubes and
sealed within the anoxic chamber. MR relaxation experiments
were conducted to determine the relaxation dependence on
the presence of UO,(,) particles. Lee et al. (2010) have shown
using high-resolution transmission electron microscopy that
while individual UO,(, particles produced by Shewanella
putrefaciens CN32 are about 3nm in diameter, most
nanocrystals occurred in aggregates 100 nm in diameter or
larger. T, (CPMG) experiments (Carr and Purcell, 1954), spin
echo images, gradient echo images (Callaghan, 1991), and T}~
T, relaxation correlation experiments were used to quantify
these effects. MR experiments were performed at 59T
(250 MHz) using a DRX spectrometer (Bruker, Karlsruhe,
Germany) and microimaging Micro5 probe with 2T/m
magnetic field gradients in all three coordinate axes.

T, Experiments

The suspension of UO,, particles was shaken and T,
experiments were performed every 12 min as the particles
settled to observe the effect of particle concentration within
the r.f. coil during the measurement. The CPMG experi-
ments used 4,096 echoes at a spacing of 27 =70 ps.

Imaging Experiments

Gradient echo and spin echo images were compared to
observe the spatial distribution of the 75 effect (Callaghan,
1991). The spin and gradient echo images had a slice
thickness of 0.5 mm, echo time (T§) of 6.2 ms, and repetition
time (Tgr) of 1s. Gradient echo images are attenuated by T,
to which T, processes contribute, while spin echo
techniques, as in the CPMG pulse sequence, partially
refocus the inhomogeneous 7 broadening of the signal and
are primarily attenuated by T,. Gradient and spin echo
images were obtained using the same resolution, receiver



gain, and echo time for direct comparison. The two images,
gradient (G) and spin echo (S), were then repeated every
10 min over the course of an hour (i=10-60 min) as the
nanoparticles were sedimenting through the active region of
the r.f. coil. The signal from the same region of each image
was integrated and the difference between the images in
which particles had sedimented (Igs),) and images with
particles suspended (I(,s),i — 10-60 min) Was calculated using:

IGs)s — 1(G,s),i=10-60 mi
A(G,S);—10-60min = ( — I((Z;) - GOmm) W

The change in the spin echo-image intensity was then
subtracted from the gradient echo change in intensity to
quantify the increased attenuation in the gradient-recalled
image (AG;j—10_60min — ASi=10-60min)> Which reflects the
inhomogeneous dephasing of the signal due to the magnetic
susceptibility T; effect of the nanoparticles.

Relaxation Correlation Experiments

Two dimensional T,—T, relaxation correlation experiments
were also conducted as the uraninite particles were settling
through the r.f. coil. These 2-D correlations have been
shown to probe surface relaxation mechanisms in porous
media and other applications (Callaghan et al., 2007; Song,
2009; Song et al., 2002; Washburn and Callaghan, 2006). T;—
T, experiments use an inversion recovery 180 degree pulse
followed by a varying time to encode for the T, of the
sample, followed by a CPMG pulse train to measure the T,
as shown in Figure 1. An inverse Laplace transform is then
performed, and the spectrum F(T};,T,) is found by reducing
the size of the data M(#,t,), then using a non-linear least
squares algorithm and:

180, 180, 180, 180,

\\:)/_ : “\jj// o
t;=0.001 ...9s n=4046

32 log spaced points

Figure 1. TrT,correlation pulse sequence. Experimental parameters: T, direc-
tion—t =200 ws, 2,048 echoes; T; direction—t varied from Tms to 9s in 32
logarithmic steps. [Color figure can be seen in the online version of this article,
available at http://wileyonlinelibrary.com/bit]

where E(t,,t;) represents the noise of the experiment
(Washburn and Callaghan, 2006). Relaxation measurements
were also performed on several different concentrations of
the uranyl ion UO3", and a linear dependence on both the
T, and T, of the water protons was found (results not
shown).

Detection in Hydrogel Experiments

The suspension of UO,, particles was injected into a
xanthan gum/locust bean gum biomolecular hydrogel to
simulate the precipitation of uraninite in the EPS of a
biofilm. Spin and gradient echo images were again obtained
with slice thickness 0.5 mm, echo time (7T%) of 6.2 ms, and
repetition time (TR) of 1s. Visual inspection indicated that
the particles were in the wall region of the sample, as
indicated by the image contrast in Figure 2. Note the strong
refocusing of the susceptibility induced by the nanoparticles
in the spin echo experiment relative to the gradient echo.
This demonstrates the ability to use magnetic susceptibility
contrast to determine the spatial distribution of biogeo-
chemical reaction precipitates in biopolymer hydrogels
similar to biofilm EPS. Previous studies have also shown the
ability to use signal contrast due to heavy metal molecules to
measure diffusion of the molecules into an alginate gel
(Nestle and Kimmich, 1996).

Bioreactor Experiments

Finally, an experiment was conducted to validate the use of
these concepts on an active bioreactor system. Two 10 mm
NMR tubes were prepared with an initial concentration
of 4mM UO3" as UO,CL,, artificial groundwater medium

Signal intensity
(arbitrary units)

Figure 2. Uraninite particles (UDy)) injected into a xantham gum/locust bean
gum gel. The enhanced signal attenuation around the injected particles in the
gradient-recalled echo image (a) compared to the spin echo image (b) shows the
T, effect on the gel surrounding the injected particles. Both images have the same
intensity scale. Experimental parameters: 25 mm x 10mm FOV, 128 x 128, 0.5 mm slice
thickness, Te=6.2ms, Tr=1s.




(3g/L KHCO;, 1.5mL/L mineral solution, 3g/L PIPES
buffer, 0.005g/L KCl, 0.05g/L MgSO,, 0.03g/L NaCl,
ImL/L NH,CI, 1mL/L KH,PO,, 30mM Na-lactate)
and approximately 10°cells/mL Shewanella putrefaciens
CN32 bacteria and sealed within the anoxic chamber. A
1 L stirred reactor was also prepared in the anoxic chamber
and run concurrently with the tube reactors as a control
experiment. Initially, it was not clear that the reaction would
proceed within the sealed NMR tubes, which were not
stirred constantly, so samples were taken from the larger
stirred reactor every 24h and tested with the two tube
reactors to make sure that the reaction was proceeding
as expected.

One of the two NMR tube reactors, referred to as
“Reactor #1”, was frequently shaken to approximate the
“stirred” reactor, and the other reactor, “Reactor #2°, was
allowed to settle and was never shaken. This was done
to determine if this reaction would also proceed in a
static “biofilm” state as opposed to only occurring
under stirred conditions. The reduction reaction
from UO3" to UOyq, clearly still proceeded without
shaking, as shown by the presence of dark particles in
both Reactor #1 and Reactor #2 in Figure 3. A tube of the
initial solution of media and UO3" is shown in Figure 3
for comparison.

Media +
Uranium

Figure 3. Two “reactors” that were compared during the bacterial reduction
tests, with a tube of the starting media and U02* solution for comparison. Reactor #1
was mixed intermittently during the experiment, while Reactor #2 was not mixed. The
dark particles in both Reactor #1 and #2 are the solid UO, precipitate. These two
reactors, as well as samples from a larger 1L reactor, were tested in the bioreactor
experiments. A tube of the initial solution of media and UO%+ is shown on the right for
comparison. [Color figure can be seen in the online version of this article, available at
http://wileyonlinelibrary.com/bit]

Results and Discussion

Washed U0y Particle and UO2* Solution Experiments

The linear dependence of both T, and T, relaxation
on UO3" ion concentration is consistent with treatment of
the uranium as a paramagnetic species that enhances the
relaxation of the surrounding solvent protons (Lauffer,
1987). This paramagnetism is due to the unpaired “f” and
“d” electrons in the uranium atom (Blume, 1966). Water
molecules around the UO3" ions exchange between the
coordination sphere around the ion and the bulk water,
which causes increased magnetization relaxation (Swift and
Connick, 1962).

T, Experiments

The transverse relaxation rate R,=1/T,, as shown in
Figure 4, was increased by the presence of UOy
nanoparticles. This is due to the strong magnetic
susceptibility of the particles causing both homogeneous
and inhomogeneous dephasing of the signal, resulting in a
T; effect that is not refocused by the CPMG sequence due to
susceptibility induced spin relaxation on a time scale
less than the CPMG refocusing pulse spacing, i.e.,
Tinhomogeneous < 2TcpmG = 70 us.  As the larger particles
settled out of the active region of the r.f. coil during the
experiment, the relaxation rate continued to decrease
approximately linearly.

Imaging Experiments

The maximum diameter of the particles settling through the
active region was calculated by finding the maximum
terminal settling velocity v, for each experiment using
the length of the r.f. coil (15 mm) and the experiment time
(v = 15mm/i = 10-60min), and then using the force
balance for a particle sedimenting in a viscous fluid
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Figure 4, Relationship between relaxation rate (R,= 1/T,) and the amount of
time that the particles have been settling. The relaxation rate decreases with the
decreasing presence of uranium nanoparticles. Experimental parameters: CPMG
pulse sequence, T=35us, 4,096 echoes.
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Figure 5. Images used to quantify T, effect of sedimenting particles. Spin echo (top row) and gradient echo (bottom row) images were taken after the particles had been
settling overnight (far right) and were repeated for an hour after the sample had been stirred (i= 10-60 min). Images are shown using the same intensity scale. The region shown by
the box in the images on the far left (/=10 min) was integrated to find the image intensity of each image. Experimental parameters: 25 mm x 10mm FQOV, 128 x 128, 0.5 mm slice

thickness, Te=6.2ms, Tr=1s.

(Wilkes, 2006):

(3)

«_»

where subscript “p” refers to the particle and “f” refers to
the suspending fluid water. The dependence of the T} signal
weighting  (AG;— 1060 min — ASi— 10-60min)  calculated
from the images of Figure 5 on the size of the particles is
shown in Figure 6. The linear relationship shown between
the T relaxation and length scale is consistent with the
well-known dependence of relaxation rate on surface to
volume ratio of surface magnetization sinks (Brownstein
and Tarr, 1979).

Relaxation Correlation Experiments

The T,—T, correlation results in Figure 7 show that while the
T, of the solution surrounding the settling particles stays
essentially constant at approximately the T; of pure water,
the T, varies by an order of magnitude between the
unshaken sample and the shaken sample. While the peaks
are about the same order of magnitude, the ratio T,/T,
varies from 12.8 for the freshly shaken sample to 1.5 for the
“settled” sample. Even after allowing about 1 year for the
particles to settle to the bottom of the sample tube, particles
with a diameter of 9nm or less were still suspended, and
the effect of this is shown by the fact that T,/T, ratio is
still above the expected value of 1 for pure water. This
demonstrates the quantification of the presence of UO, by
MR relaxation.

Bioreactor Experiments

The T effect of the particles is shown in the gradient recalled
echo images in Figure 8, indicating the increasing

concentration of sedimented particles in the bottom of
Reactor #2, generating signal dephasing. The effects of the
bacterial reduction of U(VI) to U(IV) on the T} and T, of
the solution are shown in Figures 9 and 10. The T result
does not show a strong dependence on the presence
of UO,,) particles within the coil, consistent with the T,—T,
correlation results shown in Figure 8. However, the
dependence on T, of the depletion of soluble UO3" ions
can be seen in the increase exhibited after 10,000 min for the
two stirred reactors, Reactor #1 and the 1 L constantly stirred
reactor. The three reactors show a similar decrease of T,
during the first 2 days of the reaction, and while the two
stirred reactors continue to show the same trend the settled
reactor diverges. This is due to the increase in particle
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Figure 6. Demonstration of T, effect versus largest particles still suspended
within the coil during the experiment, calculated using Equations (1) and (3) in the text
and the images shown in Figure 5.
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Figure 1. T;—-T, correlation spectra of solution surrounding settling washed
uraninite (UOy) particles at five different times, overlaid onto the same graph: (a) 0—
1.5 h after shaking the sample (b) 1.5-3 h (c) 3-4.5h (d) 4.5-6 h, and (e) 9,000 h (1 year)
after shaking.

concentration due to reaction extent generating aggregation
and sedimentation of the particles to the bottom of the reactor
and causing them to cease affecting the T, of the solution.
Because the stirred reactors always have particles of UO,
within the coil during the experiment, the effect of the
decreased concentration of the UO3 ™" dissolved in the solution
is not visible. The error in the fit for the T, experiments is about
0.1%, and the error for the T, experiments is 2%.

Conclusion

The MR contrast of UO, nanoparticles formed by
biological reduction of UO%" by Shewanella putrefaciens

=108
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Figure 8. Gradient echo images of the bottom of Reactor #2. The increasing
concentration of uraninite (UOys) particles settling into the bottom of the tube is
shown by increased signal attenuation, both throughout the tube and particularly
along the bottom surface. Both images have the same intensity scale. Experimental
parameters: 25mm x 10mm FOV, 128 x 128, 0.5mm slice thickness, T¢=6.2ms,
Tr=1s.
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Figure 9. T; of the two 10 mm NMR tube bioreactors and samples from the 1L
continuously stirred bioreactor versus total bacterial reduction reaction time. T; was
measured using an inversion recovery pulse sequence with 32 logarithmic spaced
inversion times up to 5s. The T; for all three reactors throughout the extent of the
reaction remains about constant. [Color figure can be seen in the online version of this
article, available at http://wileyonlinelibrary.com/bit]

CN32 was shown to impact T, and T; MR relaxation. The
MR techniques described provide a non-destructive means
of measuring and understanding the complex process of
microbially mediated U (VI) reduction to UO,(), as well as
the potential reoxidation and remobilization back to U (VI)
and associated species. Using this method, spatial and
temporal characterization of U-precipitate formation in
geological systems would provide insight into the nanopar-
ticle nature of reduction products and their distribution
within complex, multi-phase systems. More traditional
imaging techniques are often limited to providing informa-
tion at the end of experiments and generally require

T, of three reactors vs reaction time
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Figure 10. T, of the two-10 mm NMR tube bioreactors and samples from the 1L
continuously stirred bioreactor versus total bacterial reduction reaction time. T, was
measured using a CPMG pulse sequence with =35 s, 4,096 echoes. The continued
presence of UOy particles within the coil for the two stirred reactors is shown by the
divergence of the T, of the sedimented reactor (Reactor #2) after about 3,000 min.
[Color figure can be seen in the online version of this article, available at http:/
wileyonlinelibrary.com/bit]




termination and destruction of sample systems to obtain
information. Data provided by non-invasive MR methods
will provide valuable insights into the factors promoting
uranium immobilization and has potential to improve the
design of effective in situ remediation systems.
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