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Although there are numerous examples of large-scale commercial microbial syn-
thesis routes for organic bioproducts, few studies have addressed the obvious
potential for microbial systems to produce inorganic functional biomaterials at
scale. Here we address this by focusing on the production of nanoscale biomag-
netite particles by the Fe(Ill)-reducing bacterium Geobacter sulfurreducens, which
was scaled up successfully from laboratory- to pilot plant-scale production,
while maintaining the surface reactivity and magnetic properties which make
this material well suited to commercial exploitation. At the largest scale tested,
the bacterium was grown in a 50 1 bioreactor, harvested and then inoculated
into a buffer solution containing Fe(Ill)-oxyhydroxide and an electron donor
and mediator, which promoted the formation of magnetite in under 24 h.
This procedure was capable of producing up to 120 g of biomagnetite. The par-
ticle size distribution was maintained between 10 and 15 nm during scale-up of
this second step from 10 ml to 101, with conserved magnetic properties and
surface reactivity; the latter demonstrated by the reduction of Cr(VI). The pro-
cess presented provides an environmentally benign route to magnetite
production and serves as an alternative to harsher synthetic techniques, with
the clear potential to be used to produce kilogram to tonne quantities.

1. Introduction

Several studies have recently highlighted the potential uses of magnetite (Fe3Oy)
magnetic nanoparticles for applications including targeted cancer therapies, mag-
netic data storage or the remediation of contaminated water and land [1-4].
Several methods of manufacturing magnetite nanoparticles currently exist; how-
ever, these often require expensive and environmentally damaging approaches
[5,6]. Biological processes catalysed by dissimilatory iron-reducing bacteria,
such as subsurface species of the genera Geobacter and Shewanella, offer an alter-
native method for the production of nanoscale ‘biomagnetite’ at ambient
temperature and pressure [7-9]. These organisms conserve energy through the
oxidation of organic matter as an electron donor, coupled with the reduction of
poorly crystalline Fe(Ill) minerals (e.g. ferrihydrite) which serve as electron
acceptors [10,11], with the process accelerated by the presence of electron shuttles
such as humics, riboflavin or anthraquinone-2,6-disulfonate [12]. Soluble Fe(II)
released by the reduction of Fe(Ill) results in the formation of new mineral
phases such as magnetite under optimized conditions [13], although goethite,
haematite, siderite or vivianite can also precipitate depending upon the forma-
tion conditions including pH and temperature [13-15]. While biomagnetite
particles show considerable commercial potential, there are few studies on the
scale-up of Fe(Ill) reduction by mesophilic subsurface Fe(IlI)-reducing bacteria.
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However, recent work has demonstrated the synthesis of bio-
magnetite at the 301 scale using the thermophilic bacterium
Thermoanaerobacter sp. TOR-39 (at 65°C) [16].

The purpose of the work described here is to demon-
strate the successful scale-up of biomagnetite production at
mesophilic temperatures (30°C), via reduction of ferri-
hydrite over relatively short time scales (less than 24 h after
inoculation), while maintaining optimal surface area and
reactivity of the bionanoparticles for the remediation of a
model toxic metal contaminant (Cr(VI)) [17,18]. The scale-
up processes presented here were separated into distinct
stages: (i) optimization of growth medium to enhance bio-
mass concentrations while maintaining high Fe(III)-reducing
activity, (ii) upscaling growth of Geobacter sulfurreducens
from 100 ml cultures to a 50 1 pilot-scale bioreactor, (iii) com-
parison of the biotransformation of Fe(IlI)-oxyhydroxide with
magnetite using biomass from the 50 I bioreactor in a discrete
mineral biotransformation step at scales between 10 ml and
101, and (iv) detailed mineralogical characterization of the bio-
magnetite using X-ray diffraction (XRD), transmission electron
microscopy (TEM), X-ray absorption (XAS) and X-ray mag-
netic circular dichroism (XMCD), while surface reactivity was
tested by quantifying Cr(VI) reduction. Many studies have
focused on the scalable biotechnological production of organic
molecules including recombinant proteins as well as fine and
bulk chemicals. This work addresses an important gap in the
published literature on the scalable bacterial production
of inorganic functional nanomaterials, widening the range of
commercial products that can be potentially synthesized by
biotechnological routes.

2. Experimental methods

2.1. Starting materials

Fe(IlI)-oxyhydroxide (commonly referred to as ferrihydrite)
was precipitated by the reaction of FeCl; (0.66 M) with
NaOH (10 N) until pH 7 [19,20]. The material was centri-
fuged (17000g; 20 min) and washed in d.H,O to remove
chloride ions, with the washing repeated six times. Fe total
concentration of the starting material was determined by
ferrozine assay [21] after reaction with 6 M hydroxylamine
hydrochloric acid.

Geobacter sulfurreducens cultures were grown in the dark
in anoxic conditions (N5 : CO, 80 : 20 headspace unless other-
wise specified) and incubated at 30°C in a modified
freshwater medium [22] containing trace elements, vitamins,
electron donor sodium acetate (between 25 and 50 mM) and
electron acceptor fumaric acid (between 40 and 150 mM).
Full details are included in electronic supplementary
material, table S2.

2.2. Optimization experiments

Small-scale (100 ml) experiments were prepared containing
growth medium (90 ml in 100 ml serum bottle) with elec-
tron donor and acceptor concentration ratios varied
between 25:40, 50:80, 25:100, 50:100, 25:150, 50:150
(donor mM : acceptor mM) with each ratio tested in triplicate.
A 10% inoculum of a late log-phase G. sulfurreducens culture
was added (grown on 25 : 40 growth medium) and incubated
in the dark at 30°C without agitation. Optical density was

measured at 600 nm (ODgop) using an M501 single beam
scanning UV /visible spectrophotometer at regular intervals.

Each replicate was harvested after 27 h (late log-phase
of 50:80 medium) by centrifugation (4920g; 4°C; 20 min)
and washed twice in NaHCOj buffer (30 mM; pH 7) under a
N,:CO, (80:20) gas line and finally re-suspended in
NaHCOj; (30 mM). The optical density (ODggp) of each suspen-
sion was measured at 600 nm, with slurries diluted with
NaHCO; (30 mM) buffer to achieve ODggg of 0.4 in 10 ml
volume (0.2 ml cell suspension, 9.8 ml d.H,O). ODgq values
were converted into biomass concentration corresponding to
protein concentration in gl ' by reference to a standard
curve prepared with bovine serum albumin [23]. The dry
weight biomass (g 1) is determined as 55% of the total protein
content [24].

Fe(III)-oxyhydroxide bioreduction experiments were prepa-
red in volumes of 10 ml, containing electron donor (sodium
acetate, 20 mM), electron acceptor (Fe(Ill)-oxyhydroxide,
50 mmol 17!), NaHCO; buffer (30 mM) and electron shuttle
(riboflavin, 10 pM). Fe(Ill) bioreduction medium was pre-
pared under an N,:CO, (80:20) gas line to ensure anoxic
conditions, and autoclaved (121°C; 20 min) in a Prestige
Medical autoclave. Fe(Ill)-oxyhydroxide containing media
were inoculated with G. sulfurreducens (0.073 g 17" dry weight
biomass) in triplicate and incubated in the dark at 30°C without
agitation. Fe(Il)(,q) production rate was measured using the fer-
rozine assay [21]. The bottles were homogenized by vigorous
shaking and then 0.1 ml of sample was extracted from each
bottle using a sterile syringe. The extracted sample was
added to a universal tube, into which 4.9 ml HCI (0.5 M)
was added to acidify the sample. This was left for 1h;
0.05 ml of this was added to 2.45 ml ferrozine solution and
measured in cuvettes using an M501 single beam scanning
UV /visible spectrophotometer at 562 nm.

For intermediate bioreactor experiments, an Applikon 71
dished bottom bioreactor vessel was filled with 4.51 growth
medium (50 mM acetate, 80 mM fumaric acid; pH =7) and
sterilized at 121°C for 20 min in a Boxer 300/150 LR auto-
clave. The medium was purged with N, gas for 30 min to
make the system anoxic then all input and output valves
were sealed. The pH was adjusted to pH =7 through the
use of several approaches including CO,, HCI (2 M), NaOH
2M) or MOPS (3-(N-morpholino)propanesulfonic acid;
1 M). The medium was inoculated with 10% late log-phase
culture of G. sulfurreducens and incubated at 30°C. Redox
(mV) and pH were observed in situ with permanent probes
(Mettler Toledo Combination redox probe Pt4805-SC-DPAS-
K8S/325 and AppliSens 7001032551 pH probe). Biomass
was extracted via a sample point and measured as ODgg at
regular intervals. Impellor speed was varied from 0r.p.m.
to 100 r.p.m. over different experiments.

2.3. Pilot plant-scale production of bacterial cultures
and mineral transformation

A Sartorius 101 seed bioreactor was prepared with 4.51 of
the growth medium (50 mM acetate, 80 mM fumaric acid;
pH =7) and sterilized in situ at 121°C for 30 min. Following
sterilization, the medium and vessel were purged with Nj
gas for 30 min. The pH of the starting medium was adjusted
to neutral using 1 M MOPS. The 50 1 bioreactor was prepared
with 451 growth medium and sterilized at 121°C for 30 min.
Minor changes to the pH occurred during the autoclaving
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process, with the medium then purged with N, gas and
adjusted to neutral pH using 1 M MOPS.

The 10 1 seed fermenter was inoculated with 10% late log-
phase culture of G. sulfurreducens and incubated at 30°C, and
gentle stir speed (100 r.p.m.). There was no pH control after
inoculation. After 43 h growth in the seed fermenter, 51
G. sulfurreducens was transferred to the 50 1 reactor (10% inocu-
lum). Again, pH was not controlled and the temperature was
kept constant at 30°C, stir speed 100 r.p.m.

Fe(Ill) bioreduction media were prepared in d.H,O con-
taining electron donor (sodium acetate, 20 mM), electron
acceptor (Fe(Ill)-oxyhydroxide, 33 mmol 1™Y) and NaHCO;
buffer (30 mM) in volumes of 2 x 101, 3 x 11, 10 x 100 ml
and 10 x 10 ml. Fe(Ill) bioreduction media (pH ~9) were
then autoclaved (121°C; 20 min); 10 uM riboflavin was added
as an electron shuttle to each bottle and purged with N to
make anoxic, with pH adjusted (pH =7) using 1 M MOPS.
After a 48 h biomass production phase, the entire contents
of the 501 fermentation vessel was centrifuged in a Thermo
Scientific Sorval RC 3BP+ centrifuge (7000g, 4°C; 20 min) to
concentrate biomass. The bacterial culture was harvested in
batches of 6 x 11. Following the removal of supernatant, cell
pellets were re-suspended in NaHCO; solution (30 mM;
pH 7) and centrifuged again, with this washing repeated
twice. The final cell pellet was re-suspended in approximately
900 ml of NaHCO5 (30 mM) solution to form the bacterial cell
slurry. The ODgq of the slurry was measured using a Jenway
6305 spectrophotometer. Inocula of 320 ml, 32 ml, 3.2 ml and
0.32ml G. sulfurreducens concentrated cell suspensions were
added to each 101, 11, 100 ml and 10 ml bottle, respectively,
and incubated in the dark at 30°C.

Fe(Il)(aq) concentrations in Fe(Ill)-bioreduction experiments
were measured using ferrozine assay [21] at intervals of 0 h,
4h, 24 h and 72 h. Measurements were repeated in triplicate
for the 10 ml, 100 ml and 11 Fe(Ill)-bioreduction experiments.
Triplicate measurements of the 101 volume were achieved
from a single magnetite production bottle, with vigorous
shaking performed between taking each sample.

Mineral phases present in post-reduction products were
identified using powder XRD, measured with a Bruker D8
Advance instrument with Cu K,; source. Spectra were col-
lected over a 26 range of 5-70° with step size of 0.02°.
Average crystallite particle size of magnetite was determined
from the (220) and (311) reflections using the Scherrer
equation [25].

Imaging of the post-reduction products was perfor-
med using TEM carried out using a Phillips/FEI Technai
electron microscope equipped with a field emission gun
(FEG) and Gatan image filter (GIF). Images are presented in
bright-field with an operating beam voltage of 300 keV.

XAS on the Fe L,3-edge of the samples were measured
at the Advanced Light Source, Lawrence Berkeley National
Laboratory, Berkeley, CA, USA. Data were acquired in
total-electron yield mode using circularly polarized light
with XAS collected with the sample in an applied magnetic
field of +0.6 T, parallel and anti-parallel to the direction of
the beam. XMCD data were derived from the difference
between the XAS spectra collected under both magnetic
field directions. XMCD spectra are dependent on magnetiza-
tion, site location and valence state (i.e. number of d electrons)
and are used to determine the oxidation state of cations
occupying different lattice sites in metal oxides [26]. Site dis-
tributions of Fe cations within the crystalline material were

determined through the application of atomic multiplet calcu- [ 3 |

lations [27,28]. Dried samples were loaded on to carbon tape
mounted onto a copper sample probe in an anoxic glove bag
purged with N,. The sample probe was transported to the
sample chamber in an airtight container and loaded in a back
flow of nitrogen to minimize potential oxidation.

Mossbauer spectra were recorded with a FAST ComTek
1024-multichannel analyser system using a constant accelera-
tion drive (room temperature, y-source approximately 25 mCi
*’Co/Rh matrix). Samples were sealed between two layers of
kapton tape in an anoxic glove bag to prevent oxidation.
Measurements at low temperatures were obtained using a
liquid nitrogen bath cryostat. Spectra were fitted using Voigt-
based fitting in Recoil (University of Ottawa) [29]. Isomer
shift data were calibrated with reference to metallic Fe foil
(thickness 4 mg Fe cm ™ ?) recorded at room temperature.

Surface reactivity of biogenic magnetite produced was
tested by quantifying the Fe(II)-mediated reduction of Cr(VI).
Fe(Ill) bioreduction products were washed twice in d.H,O,
using magnetic separation resuspended to final concentration
of 50 mmol 1" Fe (by ferrozine assay) in a 5 mM solution of
KoCrO,. All bottles were mixed continuously in the dark on
a roller-mixer at 33 r.p.m. (20°C). Aliquots of 0.2ml were
extracted and centrifuged at 15000¢ for 1 min to separate
solid material from solution; 50 wl aliquots of the supernatant
were diluted 1:100 with d.H,O and used to measure
Cr(VI)(aq) using diphenyl carbazide spectrophotometric assay
[30] with absorption measured at 540 nm.

3. Result and discussion
3.1. Scale-up of Geobacter sulfurreducens production

The growth medium used to produce increased microbial
biomass levels was optimized using small-scale (100 ml) incu-
bations. Previous studies used modified fresh water medium
[22], with electron donor (acetate) and electron acceptor
(fumarate) concentration ratio of 25:40 mM, respectively, as
well as trace metals, vitamins and carbonate buffer yielding
biomass of approximately 0.2 g protein 17" (equivalent to
approximately 0.11 g biomass dry weight 17" [31]). Here
the electron donor : electron acceptor ratio was varied between
25:40, 50:80, 25:100, 50:100, 25:150 and 50:150 mM
(figure 1). Increasing electron acceptor concentration led to an
increase in total biomass production compared to the standard
25:40 mM (figure 1a), with biomass more than doubling
from 0.094 g 17" dry weight (25:40) to 0.248 g1~ ' dry weight
(25 :150). Increasing electron donor concentration in these exper-
iments did not affect the final biomass density, suggesting that
the electron acceptor was the limiting nutrient in the standard
growth medium. This is potentially related to the high electron
storage capacity observed in the cytochromes of G. sulfurreducens
[32], with higher electron acceptor concentrations increasing the
redox cycling capacity of the bacteria.

Fe(Ill) bioreduction rates were monitored through the
measurement of Fe(ll),q) released during the experiment.
Geobacter sulfurreducens grown in 25:40 medium exhibited
the fastest reduction rates, while samples containing 25:150
and 50:150 ratios of electron donor:acceptor showed the
slowest Fe(Ill) reduction rates (figure 1b). Thus, cultures
tending towards electron acceptor limitation appear to have
optimal Fe(IlI)-reducing capacity. Doubling the concentrations
of both donor and acceptor (50 mM acetate, 80 mM fumarate)
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Figure 1. Optimization of growth medium. (a) Growth rate of Geobacter sulfurreducens with varied electron donor : acceptor ratios. (b) Fe(lll) reduction rates of
bacteria produced with varied electron donor : acceptor ratios. () XRD of the end product indicates mostly magnetite (M) formation with goethite (G) present in

sample 50 mM acetate : 150 mM fumarate. (Online version in colour.)

maintained high Fe(Ill)-reducing activities, while increasing
biomass yields.

The end products of Fe(Ill) bioreduction were exami-
ned visually for colour and magnetization using a bar
magnet. While the colour of the 25:40 samples was dark
black and strongly magnetic (consistent with magnetite),
the 25:150 and 50:150 samples had a dark brown/grey
colour and were less strongly attracted to the magnet.
Sample 50:80 behaved similar to 25:40 samples. Further

analysis using powder XRD (figure 1c) confirmed the pres-
ence of magnetite in all samples with goethite (a-FeOOH)
observed in the 50:150 ratio sample, probably due to the
low reduction rate observed in figure 1b resulting in incom-
plete recrystallization of ferrihydrite to magnetite [14]. The
average crystallite sizes of the magnetite nanoparticles were
determined to be 43 nm, 32 nm, 51 nm, 55 nm, 57 nm and
51 nm for 25:40, 50: 80, 25:100, 50 : 100, 25 : 150 and 50 : 150,
respectively.
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Figure 2. Growth of Geobacter sulfurreducens in a 51 bioreactor: (a) 100 ml,
0 r.p.m. stirrer speed, no pH control during experiment; (b) 51, 100 r.p.m. stirrer
speed, pH controlled with 2 M HC and 2 M NaOH; (c) 51, 100 r.p.m. stirrer
speed, pH controlled with 1M MOPS (pH 4.1) and 2 M NaOH; (d) 51,
100 r.p.m. stirrer speed, no pH control during experiment; (e) 51, 0 r.p.m. stirrer
speed, no pH control; (f) 5 1, 50 r.p.m. stirrer speed, no pH control. (Online version
in colour.)

From the results presented in figure 1, a concentration
of 50mM acetate and 80 mM fumarate was chosen for
G. sulfurreducens biomass growth for magnetite production
during scale-up work, offering a good biomass yield together
with fast Fe(Ill) reduction rates. The benefits of choosing
higher concentrations of electron donor and acceptor (at similar
ratios) were not considered to be sufficient to justify the poten-
tial additional economic costs of the medium constituents,
although there may be further scope for medium optimiza-
tion if other limiting nutrients are identified at these higher
concentrations of electron donor and acceptor.

An intermediate scale bioreactor (7 1) was used for biomass
production containing the defined medium with 50 mM
acetate and 80 mM fumarate. The initial growth medium exper-
iments were 100 ml bottles that were de-gassed (and pH
neutralized) with an 80:20 N,:CO, gas mix before being
sealed and autoclaved. Sterilization using this approach was
not possible in the bioreactor, as the pressure vessel was unable
to withstand high pressures without using venting ports. These
venting ports permitted the backflow of oxygen into the system
post autoclaving. Additionally, only N, gas was available in
the pilot plant for the 501 fermenter, hence an alternative
method other than gassing with 20% CO, was required to
lower the pH of the bicarbonate-containing growth medium to
pH 7. Figure 2 shows the growth of G. sulfurreducens measured
in the 7 1 bioreactor containing 5 I medium and with a range of
pH control methods (figure 2a).

One benefit of working with a bioreactor rather than with
sealed bottles is the ability to closely control pH. When 2 M
HCl and 2 M NaOH were used as acid and base respectively,
to control pH (at pH 7), a relatively poor growth rate was
recorded (figure 2b) despite the fact that only relatively
minor amendments of acid and base were used during the
control procedure. This was also the case when 1 M MOPS
and 2M NaOH were used to control pH (figure 2c). The
reasons for this inhibition of growth rate during pH control
with minor amendments were not clear; however, it became
apparent that the carbonate buffer system already present
in the modified growth medium proved sufficient to main-
tain a circumneutral pH. In the absence of a controlled
CO; headspace, 1 M MOPS was used to initially neutralize
the pH of the medium following the de-gassing stage and

prior to addition of the inoculum. Stirring at 100 r.p.m. had a [ 5 |

negative impact on growth (figure 2d), with a slower growth
rate noted than for O r.p.m. and 50 r.p.m. (figure 2ef). The
absence of stirring (0 r.p.m.; figure 2¢)), however, resulted in
the formation of a biofilm on the inside of the reactor vessel,
which can be observed by the decrease in planktonic biomass
after approximately 33 h of growth, hence a minimal amount
of stirring (50 r.p.m.; figure 2d) was considered necessary.

3.2. Large-scale cultivation of Geobacter sulfurreducens
and biomagnetite synthesis

Following on from small- (100 ml) and intermediate-scale
(51) optimization experiments, the most suitable procedures
which provided high bacterial yield and high purity of mag-
netite nanoparticles were transferred to a pilot-plant system
for further scale-up work. Specifically, these included the
use of (i) 50:80 acetate to fumarate concentration in the
growth medium together with trace elements and vitamins,
(ii) MOPS to neutralize the starting pH before inoculation,
(iii) no pH control during the incubation, and (iv) an impellor
rotation speed of 100 r.p.m. The procedure was divided into
two stages focusing on large-scale growth of the bacterium
G. sulfurreducens in a 501 bioreactor, and microbial Fe(III)
reduction in reaction vessel volumes ranging from 10 ml to
101 (electronic supplementary material, figure S1).

Biomass density (ODyg converted to g1 " dry weight),
redox (mV) and pH of the G. sulfurreducens culture were mon-
itored over 48h in 51 and 501 bioreactors with results
compared to the growth profile obtained in 100 ml bottles
(figure 3). A 10% inoculum from a late exponential phase star-
ter culture was used throughout. There was a significant
increase in the lag phase of the cultures with increasing
vessel volume, with the 100 ml culture exhibiting the shortest
lag phase. The reasons for this were not clear; however, it
might be due to the presence of an impellor which was not pre-
sent for the 100 ml samples, but was for 5 1and 50 1 bioreactors.
The impellor was used to prevent the formation of a biofilm on
the walls of the vessels; however, it is not known what effects
the mixing of the culture medium could have on microbial
growth. The doubling time was approximately 5.7h and
3.8h for the 100 ml and 501 cultures, respectively. Final
biomass yields were similar for all volumes: 0.198g17",
0.187 g1 " and 0.215g1™ " (dry weight) for 100 ml, 51 and
50 1 production runs, respectively. The pH in 51 and 501 cul-
tures remained circumneutral, with a minor decrease seen in
the 51 bioreactor and a minor increase seen in the 501 bio-
reactor. Redox values in both vessels decreased as cultures
grew, with a maximal drop from +180 to —362 mV and from
+37 to —440 mV for 51 and 50 I cultures, respectively.

For magnetite production, G. sulfurreducens were har-
vested from the 501 bioreactor after 49 h of batch growth.
A bacterial slurry (approx. 900 ml) was produced with final
biomass of 58 g1 ' dry weight. Inocula (0.185g1 ' dry
weight) of the slurry were added into 33 mmol 17! Fe(IID)-
oxyhydroxide suspensions. Based on this inoculum, 900 ml
bacterial slurry harvested from the 501 fermenter was
sufficient for the inoculation of approximately 281 of
Fe(III)-oxyhydroxide biotransformation medium. To examine
the effect of scale-up on the biotransformation of ferrihydrite
to magnetite, this process was carried out in 10 ml, 100 ml, 11
and 101 bottles, each containing the same concentrations
per litre of electron donor, electron acceptor, buffer and
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Figure 3. Geobacter sulfurreducens growth curves: (a) 100 ml bottles; (b) 5 |
bioreactor; () 50 | bioreactor. Biomass measured as dry weight protein
(g I, represented by (circle), pH (square) and redox (mV) (triangle); pH
was not controlled during the experiments. (Online version in colour.)

electron shuttle. Fe(IIl) reduction rates were monitored over
72h (figure 4a). Results indicated only minor differences in
the reduction rates of Fe(Ill) to Fe(Il) at all scales. Figure 4a
displays the rate of Fe(Il) generation relative to the total Fe
present at the start of the reaction. Stoichiometric magnetite
(Fe3Oy) has a Fe(Il)/Fe(tot) ratio of 0.33 (i.e. one-third of the
total Fe should be Fe(Il)). Figure 4a shows little differences
between the 100 ml, 11 and 101 transformations in terms of
Fe(Il) generation, with all three curves within error of each
other; however, each fell below 0.33 Fe(II)/Fe(tot). The smal-
lest volume vessel (10 ml) exhibited significantly less overall
Fe(Ill) reduction, with a final value of only 0.19 Fe(Il)/
Fe(tot). All samples were dark black with magnetic character-
istics, consistent with magnetite, after only 4 h of incubation.
The reasons for the lower than expected final concentration of
Fe(II) could potentially be (i) that the biomagnetite is partially
oxidized in comparison with stoichiometric magnetite,
(ii) due to the limitation of the assay, which used a 0.5 M
HCI digestion step that may not fully dissolve all of the Fe

present in the magnetite structure [33], or (iii) due to the pres- n

ence of additional mineral phases which are discussed below
in more detail. The density of the final product was 4.3 g 17"
(£+1.6) dry weight, which, assuming that up to 281 Fe(III)-
oxyhydroxide suspension can be inoculated, corresponds to
a final yield of approximately 120 g magnetite from the
total amount of G. sulfurreducens cells harvested from the
50 1 bioreactor.

Powder XRD indicated the presence of magnetite (Fe30,)
and haematite (Fe;Os) in all samples, with siderite (FeCOj3)
observed in the 11 and 101 vessel samples (figure 4b). *"Fe
Mossbauer spectroscopy indicated a relative abundance of
76% magnetite, 0% siderite and 24% haematite in the 10 ml
experiment, and 72% magnetite, 6% siderite, 23% haematite
in the 101 experiment (electronic supplementary material,
table S1 and figure S3). The presence of haematite may
explain why the data in figure 4a did not reach the optimal
ratio of 0.33 Fe(Il)/Fe(tot) for magnetite, as this mineral
structure contains Fe(IlI) which is not bioavailable to
G. sulfurreducens for enzymatic reduction [34]. The haematite
detected in all of the samples was an artefact resulting from
the autoclaving procedure, with the effect exacerbated by
autoclaving at pH 9 before de-gassing with N, [13].

The average crystallite particle size of the magnetite
was calculated from XRD; however, owing to presence
of three mineral phases with overlapping reflections (i.e.
haematite (110) at 35.6° (26) and magnetite (311) at 35.4°
(20)), it is difficult to accurately determine the particle
size using the most intense magnetite reflection. Instead
the next most prominent (220) peak was used. Results
indicated minor differences in the particle sizes of the mag-
netite produced with 12.3 nm, 10.6 nm, 14.4 nm and 15.0 nm
diameter particles present in the 10 ml, 100 ml, 11 and 101
biomagnetite production steps, respectively. From previous
work, it is known that the size of the nanoparticles is related
to the concentration of biomass introduced at the start of the
biotransformation, with higher loadings of bacteria leading
to the production of smaller nanoparticles [35]. This is con-
sidered to be a rate-dependent effect, with higher amounts
of Fe(Il) production leading to an increase in the probability
of formation of nucleation sites [36—-38]. The size of the par-
ticles produced follows closely the results obtained for
magnetite nanoparticles produced with similar starting bio-
mass values (13.7 nm from an inoculation of 0.209 g17! dry
weight) [35].

TEM and electron diffraction were performed on
materials produced in 10 ml and 10 1 volume transformations
(electronic supplementary material, figure S2). The results of
TEM imaging were consistent with the XRD analyses, with
haematite phases clearly observable at the same time
as magnetite (electronic supplementary material, figure
S2a(iii),b(iii)), confirmed by selected area electron diffraction
analyses (electronic  supplementary material, figure
S2a(ii),b(ii)). The sizes of the magnetite nanoparticles were
16.9 + 2.6 nm and 12.8 + 2.0 nm for samples from the 10 ml
and 10 I magnetite synthesis step, respectively, in close agree-
ment with XRD average crystallite size data (figure 4b). The
size of the haematite produced was approximately 75nm
and 74 nm for 10 ml and 101, respectively. Electronic sup-
plementary material, figure S2b(iii) contains three spherical
particles with an average size of 208 + 24 nm, which match
the morphology that has been observed previously for iron
carbonate biominerals, namely siderite, formed by Shewanella
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Figure 4. Fe(lll) reduction rates and formation of iron oxide minerals. (a) Fe(ll)/Fe(total) reduction rates. (b) Powder XRD indicates all samples contain magnetite

(M) and haematite (H) with siderite (S) produced in 11 and 10 | samples. (Online version in colour.)
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Figure 5. (a) X-ray absorption spectra (XAS) of samples obtained through Fe(lll) reduction in volumes of 10 ml, 100 ml, 11 and 10 |. ‘Bio mag’ corresponds to
sample of biogenic magnetite [35] with close to stoichiometric cation distribution. (b) X-ray magnetic circular dichroism (XM(D) with peaks corresponding to
Fe?*[B], Fe*(A) and Fe**[B] as highlighted by fits in blue, red and green, respectively. (Online version in colour.)

sp., i.e. disc-like [39]. Large particles of this type were not
observed in the images obtained from the 10 ml sample.

The presence of siderite (FeCO;) has previously been
reported when magnetite was produced by a high density
culture of G. sulfurreducens [35], attributed to excess Fe(II)
which reacted with the HCO; in solution to produce the
Fe(II)-carbonate. Siderite was only observed in samples
from the 11 and 101 biomagnetite production experiments,
and not noted in the 10 ml or 100 ml experiments.

Synchrotron radiation techniques, XAS and XMCD were
used to determine the distribution of iron in the biomagnetite
(figure 5). Magnetite has a cubic spinel structure with Fe"
and Fe®* cations arranged in tetrahedral (A) and octa-
hedral [B] coordination according to (Fe®*),[Fe® Fe® 103 .
Anti-ferromagnetic coupling between the two lattice sites
effectively cancels out the magnetic moments of Fe®* cations,
resulting in net magnetization owing to Fe>*. The XAS of the
Fe L,5 edges (formed from the average of + 0.6 T spectra)
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Table 1. Fe cation distribution within the magnetite nanoparticles, with values determined through fitting of XM(D spectra.

sample diameter (nm) Fe?*[B]
10 ml 123
Blomag e

(figure 5a) showed little differences between each sample
despite the presence of siderite in 11 and 101 samples (hae-
matite was present in all samples), indicating that it is only
a minor component. Spectra were compared with a sample
of biogenic magnetite from small-scale culture, reported pre-
viously [35], designated ‘Bio mag’ and known to have a close
to stoichiometric cation distribution (table 1) with a slight
excess of octahedral Fe?*[B], (Fe*"/Fe* 0.52). This is charac-
terized by a smooth shoulder on the low energy side of the
peak intensity (dashed line). The shoulder is more pro-
nounced in the 501 fermenter derived samples, which is
indicative of a less reduced sample (i.e. less Fe?*[B] in relation
to other Fe cations). However, it is more likely to be due
to the presence of the Fe(Ill) oxide haematite which is not
present in the reference ‘Bio mag’ sample [35].

Further crystallographic information was obtained using
XMCD. Haematite and siderite are anti-ferromagnetic [40]
and do not contribute to the XMCD spectra. This allows the
technique to probe the stoichiometry of only the magnetite.
The intensity of the spectra provides a relative measure of
magnetization of the nanoparticles assuming the average
of the two associated XAS spectra are normalized to
1. Using this approach it is clear that there are no obvious
differences between the magnetization of the magnetite
produced at different scales. Further quantitative analysis
of the stoichiometry and relative Fe cation site occupancy of
the magnetic was obtained through spectral fitting with
XMCD peaks corresponding to octahedral Fe*"[B] (first nega-
tive peak), tetrahedral Fe*t(A) (positive peak) and octahedral
Fe®*[B] (second negative peak) (table 1). Stoichiometric mag-
netite (Fe>")a[Fe® Fe®* 303 has Fe?*/Fe’" ratio of 0.5. The
materials from 10ml and 100 ml experiments displayed
almost exact stoichiometric occupancy (close to the reference
‘Bio mag’), while 11 and 101 derived materials appeared to
have less than stoichiometric Fe?>*[B] balanced by a higher
Fe®*[B] (table 1). These results suggest the materials pro-
duced at 11 and 101 are slightly oxidized in comparison
with those produced at smaller volumes.

Surface reactivities of the materials were tested against
chromate (Cr(VI)), demonstrating their effectiveness towards
toxic metal remediation through Fe(Il)-mediated reduction/
sequestration. One particular focus was the effect of produ-
cing the magnetite nanoparticles from G. sulfurreducens
grown at large volume compared with small volumes.
Materials prepared in the Fe(Ill)-bioreduction vessels at
100ml, 11 and 101 volumes were re-suspended in 10 ml
serum bottles with total Fe concentration normalized to
50 mmol 17}, Each was reacted with potassium chromate
(K,CrOy 5 mM) with Cr(VI) concentration monitored over
72 h. The effectiveness of these magnetic nanoparticles for
the removal of Cr(VI) was compared with ‘Bio mag’ reference

0.99
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Figure 6. Biomagnetite surface reactivity with Cr(Vl). Most of the removal of
aqueous Cr(Vl) occurred within the first 30 min of reaction (inset graph) and
it is clear that the reduction rate of ‘Bio mag’ is within error of the 101
sample. (Online version in colour.)

sample. Results (figure 6) indicated that after only 6 min 30%,
40%, 39% and 48% of the Cr(VI) was removed from solution
for samples obtained at the 100 ml, 11, 101 scales and Bio
mag, respectively. After 6h, the 101 sample continued to
reduce/sequester Cr, reaching compete Cr(VI) removal at
48 h. Samples from the smaller volume experiments (100 ml
and 11) did not go to completion, having removed 90%
and 86% Cr(VI) from solution, respectively, after 72 h. The
comparison between samples indicates very little difference
between the reactivities of the magnetite nanoparticles
irrespective of production volume (100ml, 11 or 101) or
through the use of Fe(IlI)-reducing bacteria produced at dif-
fering volumetric scales (11 for ‘Bio mag’ rather than 501
for the other samples). Previous studies have indicated that
the reaction of biogenically derived magnetite with Cr(VI)
leads not only to the complete reduction of Cr(VI) to Cr(III),
but also to the incorporation of the Cr(Ill) into the mineral
structure in place of octahedrally bound Fe(Il) [17,18,41].
Cutting et al. also demonstrated the superior reducing capacity
of biogenically derived magnetite, compared with synthetic
magnetite. In addition, the experiment indicates that despite
the presence of additional mineral phases such as haematite
and siderite, biogenic magnetic nanoparticles produced at
large scale from a batch fermentation of G. sulfurreducens are
highly capable of the remediation of Cr(VI).

4. Conclusion

This study has shown that biogenic magnetite nanoparticles
can be produced using large-scale batch cultures, with only
minor differences observable between the final products of
small- and large-scale iron transformations. The material
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produced was tested and shown to be suitable for remediation
of chromate contaminated waste waters, with little impact of
scaling on the material’s ability to remove Cr(VI) from sol-
ution. It should be noted that previous studies have shown
that microbiologically synthesized magnetite nanoparticles
offer superior performance to synthetic analogues for this
and other applications [34]. Many of the approaches which
have been applied here could in practice be applied to indus-
trial systems which are several orders of magnitude larger.
However, some careful measures should be taken including:

(1) For G. sulfurreducens, the optimum electron donor to accep-
tor ratio is 50 mM acetate to 80 mM fumarate in order to
yield high cell density and rapid Fe(Ill)-reducing capacity.

(2) Design of larger-scale bioreactor configuration may require
optimization. For example, it might be possible to control
the lag phase through modifications to the mixing
regime, with the use of the fermenter impeller implicated
in prolonging the growth phase during scale-up.

(3) Fe(Ill)-oxyhydroxide (i.e. ferrihydrite) starting materials
should not be autoclaved to minimize potential haema-
tite formation. Microbial contamination will not be an
issue here as the concentrations of G. sulfurreducens
used are so high.

(4) The formation of siderite can be prevented by choosing
an alternative buffer system to carbonate in the mineral
transformation stage.

(5) The large-scale procurement of suitable substrates,
including the bioavailable Fe(III) mineral phase for effi-
cient microbial reduction to magnetite, also requires
attention. This is needed for accurate cost—benefit

calculations that must be made for these materials, to

underpin their large-scale deployment for applications
including the remediation of waters and soils contami-
nated with metals, radionuclides and organics and also

medical applications [42].
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