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A B S T R A C T

The logistical supply of terrestrial materials to space is costly and puts limitations on exploration mission scenarios. In-situ resource utilization (ISRU) can alleviate
logistical requirements and thus enables sustainable exploration of space. In this paper, a novel approach to ISRU, utilizing microorganisms to extract iron from Lunar
or Martian regolith, is presented. Process yields, and kinetics are used to verify the theoretical feasibility of applying four different microorganisms. Based on yields
alone, three of the four organisms were not investigated further for use in biological ISRU. For the remaining organism, Shewanella oneidensis, the survivability impact
of Martian regolith simulant JSC-MARS1 and Mars-abundant magnesium perchlorate were studied and found to be minimal. The payback time of the infrastructure
installation needed for the process with S. oneidensis on Mars was analyzed and the sensitivity to various parameters was investigated. Water recycling efficiency and
initial regolith concentration were found to be key to process performance. With a water recycling efficiency of 99.99% and initial regolith concentration of 300 g/L,
leading to an iron concentration of approximately 44.7 g/L, a payback time of 3.3 years was found.
1. Introduction

The next step in human space exploration will revolve around the
Moon, as a stepping stone for an eventual human presence on Mars
(NASA, 2018). In the context of longer stays on the Moon’s surface, the
supply and maintenance of a functional habitat requires the input of
resources. Transport of these resources is a major cost for an extrater-
restrial base, and reducing this cost will bring us closer to realizing a
sustained human presence on another celestial body (Carpenter et al.,
2016). In situ resource utilization (ISRU), the use of local resources for
production andmaintenance, can help us bring down long-term transport
requirements and brings us closer to colonizing another celestial body
(Culbert et al., 2015). In this paper, we help to address this challenge by
investigating the use of microorganisms for the extraction of metals from
Lunar and Martian regolith.

Microorganisms as used in production processes can be described as
self-reproducing modifiable nano-factories, catalyzing a wide range of
chemical conversions. Some branches of microbial life on earth have
developed a metabolism around the use of metal oxides as electron do-
nors or acceptors (Weber et al., 2006). A subsection of these organisms
can utilize solid metal oxides as substrate, converting them to more
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soluble forms, whichmakes them interesting for use in mining operations
(Vald�es et al., 2008). Such use of microorganisms on earth is widespread
and is actively used in the biomining of copper, cobalt, gold, uranium and
other metals (Rawlings, 2002; Schippers et al., 2013). In the case of
copper, biomining accounts for more than 20% of the yearly worldwide
production (Yin et al., 2018). These facts give a promising outlook on the
application of biomining in space exploration (Cousins and Cockell,
2016). Lab-scale experiments on the interaction between bacteria and
lunar regolith simulant confirm this expectation (Navarrete et al., 2013).
However, so far, no design for full-scale biomining operations in space
has been presented.

Iron is one of the most utilized metals on Earth, most of our building
materials rely on it in some way. It can be hypothesized that the con-
struction and maintenance of an extraterrestrial base will also rely on
iron. Considering the abundance of iron in both Lunar and Martian
regolith, at 5–22 wt% and 17.9 � 0.6 wt%, respectively (Halliday et al.,
2001; Lawrence et al., 2002), this element is likely to be useful in
construction-oriented ISRU.

With this work, we show a general setup for a biological iron
extraction process, we investigate the feasibility of several candidate
organisms and perform a sensitivity analysis for the biological process.
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Combined with a lander concept (Lehner et al., 2019), this provides a
framework for future evaluations of biomining processes in space
exploration and a basis for evaluation of other bioprocesses.

2. Materials & methods

2.1. Kinetic models

Growth kinetics for Escherichia coli, Magnetospirillum gryphiswaldense,
Shewanella oneidensis MR-1 and Acidithiobacillus ferrooxidans were
derived from literature (Table 1 & SI) and combined with mass balances
for the relevant chemical compounds. The resulting system of differential
equations was solved with the MATLAB ode15s or ode45 solver. Similar
initial concentrations were chosen for all simulations (Table 2).

Growth on lactate was considered for all heterotroph organisms
(S. oneidensis, M. Gryphiswaldense, E. coli). Only A. ferrooxidans uses CO2
as a carbon source and grows autotrophically. Production of acetate by
both S. oneidensis and E. coli is indicated in Table 1, but inhibitory effects
are not considered in their models.

A. ferrooxidans grows aerobically and shows oxygen-limited behavior
at concentrations below 1 mg/L (3.1*10�2 mM) (Liu et al., 1988). The
current kinetics hold if the concentration remains above this level. The
inhibition by Fe3þ is considered in the model.

The biomass mass balance was set up as follows:

dcX
dt

¼ μ*cX (1)

And for the relevant chemical species in i:

dci
dt

¼ Yi =

X
*μ*cX (2)

In the case of gaseous components, a mass transfer term was included:

dci
dt

¼ Yi =

X
*μ*cX þ ðkLaÞi*

�
c�l; i � cl;i

�
(3)

The internal pressure is assumed to be 1 bar. When the process re-
quires O2 and CO2, a gas composition with 21% O2, 0.05% CO2 and an
inert gas such as N2 for the remainder is assumed. In the anaerobic
processes, the medium will be continuously sparged with an inert gas to
induce mixing. The composition could be further tuned if an otherwise
feasible process is slowed down significantly due to the gas-liquid mass
transfer (Doran, 2013).

The maximum concentration dissolved gas (c*l;i) was determined by
Henry’s law. The values for kLa, which combines interfacial area and
diffusivity, were assumed to be 10.8 and 8.6 h�1 for O2 and CO2,
respectively. The value for CO2 is slightly lower because of the larger
molecule size, which slows diffusion. These values are chosen on the low
end of typical kLa values for slurry bioprocesses on earth (Neale and
Pinches, 1994; Schumpe et al., 1987; Van Weert et al., 1995; Zokaei--
Kadijani et al., 2013) to account for the decreased volumetric gas-liquid
mass transfer in a reduced gravity setting (Pettit and Allen, 1992).
Table 1
Kinetic characteristics and expected byproducts for each proposed organism. Both E.
magnetic forms, while A. ferrooxidans and S. oneidensis are utilized for the extractio

Organism Byproducts Kinetics

E. coli (Hua et al., 2007; Nú~nez et al., 2002) Acetate μ ¼ μmax

M. gryphiswaldense (Naresh et al., 2012) μ ¼ μmax

0:5�
cNO3

S. oneidensis (Feng et al., 2012; Kostka et al., 2002, 1996; Liu
et al., 2002; Pinchuk et al., 2010)

Acetate μ ¼ μmax

A. ferrooxidans (Liu et al., 1988; Molchanov et al., 2007;
Navarrete et al., 2013)

μ ¼ μmax

2

The process stoichiometry for the S. oneidensis process, which was
found to be the only feasible process under our current conditions, is
presented in equation 4. In Table 3 this stoichiometry is combined with
the precipitation of magnetite, counteracting the acid requirements of
the S. oneidensis reaction.

18:13 C3H5O�
3 þ 35:34 Fe2O3 þ 0:154 NHþ

4 þ 141:48 Hþ →

17:8 C2H3O�
2 þ 17:8 CO2 þ 70:67 Fe2þ þ 1 CH1:66O0:27N0:2 þ 88:94 H2O

(4)

2.2. Shewanella growth

Shewanella oneidensis MR-1 (ATCC® 700550™) and Shewanella onei-
densis ANA-3 (Wang et al., 2011) were aerobically cultured in Tryptic Soy
Broth (TSB) media overnight at 30 �C under continuous shaking (250
rpm). Different concentrations and compositions of JSC-MARS1 (0.5 g/L
or 5 g/L) and Mg(ClO4)2 (0.06 M or 6 M) were added. Thereafter, the
growth behavior was observed for 48 h by optical density (O.D.) mea-
surements at a wavelength of 650 nm using a 96-well plate in a plate
reader.

2.3. Payback time analysis

For analysis of the payback time, the approach to the kinetics and
mass balances was repeated. The mass of the lander was approximated by
first estimating the mass of the basic components (Volger et al., 2018).
The mass of the 1 m3 cylindrical reactor was assumed to be 250 kg, filled
with 700 L of water. Measuring devices and peripherals were assumed to
add 100 kg. The equipment for water recovery was estimated to weigh
100 kg. The rover collecting regolith was assumed to weigh 300 kg.
Power supply is covered with an RTG of 500 kg, which covers peak power
consumption of the bioprocess, and can be used to power other processes
at a Martian colony when the bioprocess needs less power. The resulting
mass of the basic components (1950 kg) was combined with the variable
mass of water and nutrients and multiplied by 3 to account for structural
components and a maturity margin. To get to an estimated launch price,
SpaceX’s listed price for the launch of up to 8.000 kg to GTO with a
reusable rocket (SpaceX, 2019) was multiplied by a factor five to get an
estimate for a launch to Mars at maximum capacity, resulting in a price of
about $25.000 per kg. The SLS rocket aims at a cost of about $15.000 per
kg transported to Mars (Dumbacher, 2014; Potter et al., 2018). With
these estimations in mind, a launching cost of $ 20.000 per kg was
assumed, which would correspond to a total cost of $ 117 million. The
mass of nutrients and water was minimized to obtain the minimal
payback time. With this approach, the nutrient supply runs out when the
extracted iron mass equals the total initial lander mass (including nu-
trients). Increased nutrient and water supplies result in a slightly longer
payback time, but a final iron production exceeding the initial lander
mass.

The system provides its own power through the addition of an RTG,
which is sized for use during the evaporation phase of the process and
thus has an overcapacity during the other process phases. In terms of
coli and M. gryphiswaldense are intended for accumulation of dissolved iron in
n of iron from minerals.

Parameters

*
cLac

cLac þ KLac
*

cO2
cO2 þ KO2

μmax ¼ 0:22 h�1KLac ¼ 10 μMKO2 ¼
0:01 mM

*minðfNO3 ; fLacÞfNO3 ¼ 0:5þ
cNO3

þ KNO3

fLac ¼ cLac
cLac þ KLac

μmax ¼ 0:15 h�1KLac ¼ 1 mMKNO3 ¼
0:2 mM

*
cLac

cLac þ KLac
*

cFe3þ
cFe3þ þ KFe3þ

μmax ¼ 0:1 h�1KLac ¼ 19:4 mMKFe3þ ¼
0:55 mM

*
cFe2þ

cFe2þ þ KFe2þ
*

KFe3þ

cFe3þ þ KFe3þ

μmax ¼ 0:082 h�1KFe2þ ¼
0:072 mMKFe3þ ¼ 2:5 mM



Table 2
Initial conditions used for solving the kinetic models of the different organisms. Concentrations in mol/L, biomass concentration in Cmol/L.

Lactate Fe2þ Fe3þ NH4
þ O2 CO2 Biomass

E. coli 0.08 0.15 0 0.02 2.5*10�4 0 4.0*10�4

M. gryphiswaldense 0.08 0.15 0 0.035 2.5*10�4 0 4.9*10�4

S. oneidensis 0.08 0 0.15 0.001 2.5*10�4 0 4.8*10�4

A. ferrooxidans 0 0.15 0.005 0.001 2.0*10�4 1.5*10�4 3.7*10�4

Table 3
Mass-wise yields for the considered components in each process, normalized for
the production of 1 g biomass. All values in gram/gram biomass. Iron uptake in
both E. coli and M. gryphiswaldense is multiple orders of magnitude smaller than
the consumption of other nutrients.

E. coli M.
gryphiswaldense

S. oneidensisa A.
ferrooxidansa

Fe2þ �2.1*10�5

Fe3þ �4.4*10�3 200.7
Fe2O3 (Fe) �817.74

(566)b

FeO �258.22
Fe3O4 (Fe) 790.45 (566)b

Lactate �4.95 �2.22 �78.90
Acetate 1.31 51.64
NH4

þ �0.24 �0.19 �0.13 �0.13
NO3

� �0.33
CO2 3.62 0.65 37.84 �1.65
O2 �2.61 �0.05 �27.60
H2O 1.83 15.85 96.64
Arginine �41.1*10�3

Serine �45.9*10�3

Glutamate �0.12
HCl �0.006 �392.9

a The S. oneidensis process considers the biological conversion of Fe3þ and
precipitation of magnetite (Fe3O4) simultaneously, since both these processes
occur at a similar pH-level. The A. ferrooxidans process considers just the bio-
logical conversion due to the low pH required for A. ferrooxidans growth.

b Equivalent Fe mass.
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maintenance, the system is intended to be an autonomous reactor system
requiring no astronaut intervention.

3. Results & discussion

3.1. Biomining process

The general process of using bacteria for mining applications in space,
is the dissolution and accumulation of specific resources from Lunar or
Martian regolith (Fig. 1A). The biological methodologies can be split up
in two categories (Fig. 1B and C):

1. Accumulation of dissolved iron in concentrated form, allowing for
magnetic extraction.

2. Leaching of iron from mineral ores, bringing it in a dissolved state,
allowing for precipitation of magnetic particles and ores.

These categories could be combined to allow for the magnetic
extraction of iron from a variety of ferrous mineral ores. The leaching
process alone can also be combined with electrochemical manipulation
of the solution to promote magnetite precipitation (Bale et al., 2016;
Lozano et al., 2017; R. Dasgupta and L. Mackay, 1959).

The considered candidates for the accumulation are a genetically
modified Escherichia coli strain and themagnetotactic wildtype bacterium
Magnetospirillum gryphiswaldense. The constructed E. coli overexpresses a
modified ferritin complex, has a dysfunctional iron export mechanism
and an improved iron import mechanism (He et al., 2016). The combi-
nation of those modifications leads to a high intracellular iron
concentration.
3

M. gryphiswaldense accumulates iron to produce magnetosomes,
intracellular vesicles filled with magnetite that form a backbone for the
organism (Lef�evre et al., 2011). The resulting capability to swim along
magnetic field lines is commonly known as magnetotactic behavior
(Schüler and Baeuerlein, 1998).M. gryphiswaldense readily uses lactate as
electron donor and carbon source.

For the bioleaching category, Shewanella oneidensis and Acid-
ithiobacillus ferrooxidans were considered. S. oneidensis is well-known for
its capability to use a wide range of electron acceptors (Myers and
Nealson, 1988), one of which is Fe3þ, both in aqueous and solid state
(Kostka et al., 2002, 1996). Fe3þ from mineral sources is converted into
Fe2þ, which is both excreted in aqueous form and precipitated on the cell
surface in magnetite (Bennett et al., 2015; Perez-Gonzalez et al., 2010).
In the current work, the use of lactate as electron donor and carbon
source is considered, which is then oxidized to acetate and CO2 (Fig. 1C).
Other possible electron donors are pyruvate, formate, amino acids or
N-acetylglucosamine (Kane et al., 2016; Lovley et al., 1989).

A. ferrooxidans is often used in biomining operations on earth (Vald�es
et al., 2008). It preferably grows in very acidic conditions (pH 1–2) and
can fix both carbon and nitrogen from atmospheric sources. For the
current work, nitrogen from ammonium is considered instead of atmo-
spheric nitrogen. A. ferrooxidans requires oxygen as electron acceptor
when it oxidizes Fe2þ to Fe3þ.

3.2. Nutrient consumption

The kinetics (Table 1) were used to set up mass balances, which were
solved over time to the point where one of the nutrients was used up
(Fig. 2). For an ideal process, the growth is expected to resemble batch
growth, with an exponential increase in biomass concentration. In the
accumulation processes by E. coli and M. gryphiswaldense, significant
uptake of extracellular dissolved iron is expected. For the leaching pro-
cesses by S. oneidensis and A. ferrooxidans, the iron conversion is a key
part of the organism’s metabolism, so growth should be accompanied by
a rapid iron conversion.

The accumulation process in E. coli (Fig. 2A), takes slightly over 50 h
to consume the initially provided lactate (7.2 g/L). The predicted growth
profile is initially exponential, but changes into a linear profile after 15 h.
The decreasing dissolved oxygen concentration indicates that the growth
is limited by the oxygen transfer rate. If the process would show other-
wise favorable results, methods for an increased oxygen transfer rate
could be explored to decrease process time. However, the extracellular
iron concentration does not decrease notably over the course of the
simulation and thus the process does not fulfill its main purpose of
accumulating dissolved iron. The overexpression of the encapsulated
ferritin leads to an estimated 20–50 encapsulated ferritin complexes per
cell, which corresponds to an iron concentration in biomass of only 8–20
μg/gX. This value is too low to have a significant effect on the extracel-
lular concentration.

The model for M. gryphiswaldense (Fig. 2B) predicts batch growth for
the full process and takes 39 h to fully consume the initial lactate and
ammonium. The decreasing level of dissolved oxygen indicates its con-
sumption, but the oxygen transfer rate is not the limiting factor. Again,
the concentration of extracellular iron does not decrease notably.
M. gryphiswaldense reportedly accumulates iron to a concentration of 4.4
mg/gX (Naresh et al., 2012), three orders of magnitude more than the
proposed E. coli strain. Still, this is not enough to have a substantial
impact on the extracellular iron concentration.



Fig. 1. Workflow of the bacterial iron extraction. (A)
The concept of using bacterial mining processes for the
extraction of elemental iron, which can be used for
material production. (B) Bio-accumulation processes
using E. coli to bind aquatic Fe2þ in a modified Ferritin
molecule, and M. gryphiswaldense to combine aquatic
Fe3þ molecules in magnetosomes. (C) Biomining and
Bioleaching approaches using S.oneidensis, to reduce
in ore bound Fe3þ to Fe2þ and allow for magnetite
precipitation, and A. ferroxidans to oxidize Fe2þ to
Fe3þ and allow for magnetite precipitation.
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For the bio-accumulation of iron to be a feasible approach to ISRU
activities, the amount of iron accumulated in 1 g of biomass should
outweigh the amount of transported nutrients required to generate that 1
g of biomass. In the case of M. gryphiswaldense growing on lactate, that
means that 1 g of lean biomass should contain 2.8 g of iron (Table 2), i.e.
74% of total biomass should be iron. For E. coli growing on lactate, these
values are 7.73 g and 88.5%. This requirement will become more lenient
when the process is integrated with other biological systems. These
systems can provide nutrients for the mining operation or make use of the
byproducts of the process.

The process for Fe3þ reduction by S. oneidensis (Fig. 2C) takes 22 h to
reduce all the initial Fe3þ and doesn’t follow a full exponential growth
curve. The growth rate slowly decreases from 80 to 70% of the μmax value
in the first 20 h, and rapidly drops further after that. The reduction of the
growth rate occurs due to a decrease of both the lactate and iron
4

concentration. The acetate concentration (not shown) will increase over
the course of the process, mirroring the concentration profile of lactate.
Acetate has an inhibitory effect on S. oneidensis (Tang et al., 2007), but
the extent of that effect in anaerobic conditions has not been quantified.

The Fe2þ oxidation by A. ferrooxidans (Fig. 2D) is by far the slowest
process in the analysis and requires 500 h to fully consume the initial
iron. The slow process is mainly due to the inhibitory effect of Fe3þ. In the
current model, no further reactions consuming dissolved Fe3þ or pre-
cipitation are considered, and the resulting continuous accumulation is
detrimental for the growth rate of A. ferrooxidans. The dissolved gasses in
the bottom panel show that no O2 or CO2 limitation is expected with the
current growth rates.

The yields and nutrient requirements of the four organisms were
analyzed in further detail (Table 2). The large difference between iron
uptake and consumption of nutrients for both E. coli and



Fig. 2. Literature-based growth models for E. coli, M. gryphiswaldense, S. oneidensis and A. ferrooxidans, showing nutrient consumption, dissolved gasses and iron
dynamics. (A) Predicted growth and iron accumulation by E. coli with an overexpressed ferritin complex. After 10 h, the oxygen transfer rate is predicted to be the
limiting factor. The uptake of extracellular iron is negligible. (B) Predicted growth and iron accumulation by M. gryphiswaldense. The exponential growth rate is
maintained until lactate is depleted. The uptake of extracellular iron is negligible. (C) Predicted growth and iron conversion for S. oneidensis reducing Fe3þ to Fe2þ

from solid mineral substrates. Exponential growth is maintained until iron is depleted. AA’s: Amino Acids (D) The predicted growth and iron conversion for A.
ferrooxidans oxidizing Fe2þ to Fe3þ. Product inhibition by Fe3þ results in a linear growth profile.
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M. gryphiswaldense is emphasized once more. In the case of S. oneidensis,
its essential amino acids were added to the equation to evaluate their
impact on the mass yield. Even though the amino acids are essential for
growth, their impact in terms of mass is negligible. In the S. oneidensis
process, performed at a pH level of 7, the reduction of iron is combined
with the precipitation of magnetite. In this combination, the precipitation
of magnetite is assumed to be non-limiting and it is assumed to consume
all bio-reduced iron. Since the biological process consumes protons, but
the precipitation produces protons, the combination results in only a very
small acid consumption.

In the A. ferrooxidans process, performed at a pH level of 2, this
combination is not possible, and thus a large amount of acid is required to
maintain the process pH. The resulting acid requirement, converted to a
mass of HCl, is larger than the amount of leached iron, which makes this
process unfeasible.

There are several key changes for bioprocesses carried out on the
moon or mars as opposed to those carried out on earth. Radiation doses
on the Moon and Mars are significantly higher than those on earth.
However, comparison of the yearly Martian surface dose of 0.242 Sv
(Simonsen et al., 1990) with the minimal effects of an acute radiation
dose of 12 Sv on the growth profile and biomass yield of S. oneidensis
5

(Brown et al., 2015) leads to the conclusion that radiation effects are
likely negligible (Volger et al. manuscript submitted). Furthermore, the
process will be carried out under lower gravity, which will impact fluid
dynamics, but might also have an impact on bacterial performance
(Demey et al., 2000; Kacena et al., 1999). On top of that, the composition
of the local regolith can have a negative effect on survival rates of some
organisms, such as the case with perchlorates in the Martian soil.

3.3. Bacterial survivability on martian regolith

The bacterial survivability if they are mixed with Martian regolith is a
key factor for the successful appliance of bacterial in situ resource utili-
zation (bISRU). S. oneidensis was, therefore, added and grown in two
different concentrations of JSC-Mars1 intermixed with magnesium
perchlorate, which was reported of being toxic to a variety of organisms
(Al Soudi et al., 2017; Wadsworth and Cockell, 2017) and abundant on
the Martian surface. First, the bacteria were observed via 3D microscopy
while growing in a high concentration setting with about 50 g/L
JSC1-MARS1 (Fig 3AB). To quantify the so-obtained data and test the
effect of the perchlorates, optical density (OD) measurements at a
wavelength of 600 nm were performed. The concentration of the iron
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(and so the entire regolith simulant) had to be lowered to 0.5 g/L and 5
g/L for the planktonic culture to limit the effect of light reflection by the
ore-particles at this wavelength. The growth curves of two different
substrains of S. oneidensis (MR1 and ANA 3) showed no differences be-
tween the tryptic soy broth (TSB) control, the 0.5 g/L JSC-MARS1 control
and the 0.5 g/L JSC-MARS1 mixed with 0.05 M magnesium perchlorate
(Fig. 3C). The no-bacteria control of the JSC-MARS1 medium together
with the 0.05 M magnesium perchlorate showed a strong fluctuation.
This might be due to the acidity of perchloric acid and its interaction and
oxidation of the regolith ores in the aquatic solution (Jackson et al.,
2006). The increased baseline and fluctuations of the OD650 curves was
even more severe in the samples with 5 g/L JSC-MARS1 (Fig. 3D). The
ΔOD650 and, therefore, the growth of the bacteria seems to be lower in
the JSC-Mars1 and JSC-MARS1þMg(ClO4)2 samples, but these results
are not significant because of the high fluctuations. With the lower
concentration of regolith simulant and perchlorate S. oneidensisMR1 and
ANA3 growth is not influenced for high concentrations of regolith a
quantification is barely possible but the visual check of 3D microscopy
showed normal growth activity.
6

3.4. Payback time analysis

The S. oneidensis process was used for a further analysis, where the
process performance was combined with estimated bioreactor lander
characteristics (Volger et al., 2018) to calculate the payback time of the
entire process (Fig. 4). This process uses ferric iron (Fe3þ) as a starting
material, and thus is focused on Martian applications. The process con-
sists of three distinct phases:

1. Intake phase: Fresh regolith is loaded in the reactor, water and nu-
trients are added and finally inoculated with a small amount of
S. oneidensis biomass.

2. Growth phase: S. oneidensis grows exponentially and leaches iron
from the regolith.

3. Extraction phase. Magnetite and other magnetically active minerals
are separated from the rest of the medium, the water is evaporated
and recycled, and the rest of the regolith is sterilized and disposed.

The duration of the growth phase is determined with the kinetics
from Table 1, while the other two phases combined are assumed to take
Fig. 3. Growth of S. oneidensis MR1 and
ANA3 in Martian regolith simulant (JSC-
MARS1). (A) Bacterial growth observed via a
3D microscopy approach. After 8 h we see an
increase in the bacterial sample and after 16
h the regolith particles are barely visible
anymore. (B) Control experiment without
bacteria. No change in the 3D microscopy
pictures was observed. (C) Bacterial growth
of S. oneidensis ANA3 & MR1 under the in-
fluence of 0.5 g/L Mars regolith simulant
(JSC-MARS1) and 0.06 mol/L magnesium
perchlorate. No differences in the growth
behavior was seen. (D) Bacterial growth of S.
oneidensis ANA3 & MR1 under the influence
of 5 g/L Mars regolith simulant (JSC-MARS1)
and 0.6 mol/L magnesium perchlorate. The
baseline of the control was shifted due to the
higher number of particles in the solution.
The absolute growth rate was not influenced.



Fig. 4. Sensitivity analysis on the mass-dependent payback time. (A) Impact of initial biomass concentration on process payback time, assuming 99.9% water
recycling efficiency. Asymptotic behavior is observed when the initial biomass concentration exceeds 0.014 g/L. (B) Payback time shows high sensitivity to the water
recycling efficiency. A higher water recycling efficiency leads to lower payback times. Asymptotic behavior is observed when recycling efficiency drops below 99.8%.
(C) Impact of initial iron concentration both with 99.79% water recycling efficiency and 99.90% recycling efficiency. The payback time decreases with increasing
initial iron concentration and the asymptote shifts with changes in water recycling efficiency. (D) The linear relation between water recycling efficiency and minimum
required initial iron concentration for a positive payback time is displayed. (E) The impact of maximum growth rate (μmax) on payback time, assuming 99.9% water
recycling efficiency, is shown. A higher μmax leads to shorter payback times and asymptotic behavior is observed when μmax drops below 0.02 h�1. The payback time
shows high sensitivity in the range 0–0.3 h�1.
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24 h. The minimal payback time is defined as the moment where the
mass of extracted iron exceeds the initial mass of the lander.

The impact of several parameters on the payback time was investi-
gated (Fig. 4). An increase in initial biomass concentration will lead to a
faster process and increased mass gains per hour, but more inoculate
from a frozen stock (assumed 10 gX/L) is needed per run, increasing the
required transported mass (Fig. 4A). These effects counteract each other;
when the initial biomass is increased up to 5 mg/L, the payback time
decreases, but any further increase result in a decrease of the overall
performance. The optimal initial biomass concentration for the base case
was found to be 4.5 mg/L.

The efficiency of the water recycling step was varied, and it was found
that a certain minimal efficiency was required (Fig. 4B). At lower effi-
ciencies, the process loses more water than it gains in iron. Higher
7

efficiency always leads to a better payback time. For the base case, with
an initial iron concentration of 0.27 mol/L, the minimum required
recycling efficiency is 99.79%. For most further analyses, a water recy-
cling efficiency of 99.9% is assumed (Fu et al., 2016), unless stated
otherwise.

If the process starts with a higher iron concentration, a higher amount
of iron is extracted at the end of the process, which weighs up against the
water loss in the recycling steps. On top of that, a higher initial iron
concentration increases the duration of the growth phase, so the pro-
ductive time per run increases. With the water recycling efficiency of
99.79% (Fig. 4C left), the base case initial iron concentration of 0.27
mol/L was also found to be the minimum required for a positive payback
time. If the water recycling efficiency was increased to 99.90% (Fig. 4C
right), the minimum initial iron concentration decreased to 0.13 mol/L.
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The further rise to infinity when approaching this value and asymptote
were cut off the figure due to the axis bounds. Higher initial iron con-
centrations always lead to a reduced payback time. It should be noted
that mixing issues due to the resulting slurry and abrasion issues from the
increased regolith concentration have not been considered and so no
maximum concentration will be found with the current models.

The relation between minimum water recycling efficiency and mini-
mum initial iron concentration was further investigated, and a linear
relation between the two was found (Fig. 4D). The higher the water
recycling efficiency, the lower the initial iron concentration needs to be
to find a positive payback time. A combination of very efficient water
recycling and high initial iron concentration leads to lower payback
times.

The environment of another celestial body can have an impact on the
performance of a bioprocess. The increased radiation and altered gravity
can lead to increased stress for the organism, changing its performance.
This effect was simulated by changing the maximal growth rate and
analyzing the effect on the payback time (Fig. 4E). The process was found
to be sensitive to low growth rates, with high sensitivity between 0 and
0.3 h�1. The chosen growth rate of 0.1 h�1 is in this regime, so a small
change in the growth rate will have a large impact on the payback time.
The insights about the different parameters were combined, and a
payback time of 3.3 years was found at a water recycling efficiency of
99.99%, an initial iron concentration of 0.8 mol/L (300 g regolith/L) and
an initial biomass concentration of 0.088 g/L. Addition of Martian ice
water can reduce the required water recycling efficiency to more
achievable levels.

Independent of the exact biological properties, the fact that bio-
processes take place in watery solutions results in general process limi-
tations. A key tradeoff is that high concentrations of solids will lead to
impaired mixing and reduced gas-liquid mass transfer, but at the same
time these high solids concentrations result in more concentrated iron
output. Assuming a maximum regolith concentration of 500 g/L with an
iron content of ~15%, a maximum of 75 g iron will be extracted with 1 L
of biological culture. This puts a lower limit on the water recycling ef-
ficiency: a 92.5% recycling efficiency is required to extract more iron
than the lost water. When ores with higher iron concentration are fed,
lower water recycling efficiency is required; at 22% iron the minimum
water recycling efficiency is 88.9%. Dependent on the characteristics of
mixing in reduced gravity and iron content of the ores, a precise
maximum solids concentration and minimum recycling efficiency can be
determined.

4. Conclusion

In this paper, a general process setup for biological extraction of iron
from Lunar or Martian regolith is presented, consisting of a leaching step
and an accumulation or precipitation step. These are combined with a
magnetic extraction to obtain the iron-rich minerals. Four organisms
were investigated for their use in either an iron leaching or iron accu-
mulation step. Their yields and kinetics were derived from elemental
balancing and literature, and kinetic models were set up.
M. gryphiswaldense, modified E. coli and A. ferrooxidans were found to be
incompatible with the envisioned process due to a disappointing level of
accumulation and low yield. Their nutrient requirements outweigh the
extracted iron, which makes the process inherently infeasible with
transported nutrients. In the case of A. ferrooxidans, the most important
factor was the acid consumption, something that needs close attention in
the analysis of bioprocesses. If the acids could be provided in-situ A.
ferrooxidanswould be an optimal organism for bioleaching on the iron(II)
rich Moon.

S. oneidensis was identified as a promising candidate, with an iron
yield of 2.5 g/gnutrients for just the biological conversion, and a yield of
7.14 g/gnutrients after combination with magnetite precipitation. This
combination also minimizes the acid consumption of the process. The
effect of JSC-Mars1 and Mg(ClO4)2 on the growth of S. oneidensis was
8

found to be small, a promising feature for application for Martian
exploration.

The payback time of the process utilizing S. oneidensis was analyzed,
and the sensitivity to various parameters was investigated. Key factors for
a feasible process are highly efficient water recycling and a high initial
concentration of iron. With a water recycling efficiency of 99.99% and
initial iron concentration of 0.8 mol/L, a payback time of less than 4 years
can be achieved. The current conclusions are based on literature data and
will rely on further experimental work with S. oneidensis.

The process setup assumes a watery or slurry-like solution. Other
modes of operation, such as a trickle bed reactor, could provide higher or
longer productivity in the same volume of water due to a higher amount
of solids per volume of liquid and continuous waste removal. Lower
water requirements can counteract the negative effects of water losses
and thus increase the potential of biological ISRU processes.
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