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Abstract. This study presents the various steps performed for the industrial implementation of a pro-
cess dedicated to the bio-oxidation of the ferrous iron contained in the solution used to leach uranium
with the objective of increasing its recovery. These steps included theoretical works, laboratory-scale
tests on synthetic effluents and laboratory- and pilot-scale tests on industrial effluents at the mining
site. The main results from each of these steps are presented as well as the challenges that have to be
addressed for the integration of this process into the existing flowsheet. They allowed to get insights
into the upscaling of a biotechnology at an industrial scale.
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1. Introduction

Over 200 different minerals have been reported in
the literature to host uranium, but only 20 of them
are of economic importance (from which uraninite,
coffinite, brannerite and orthobrannerite) [1]. Ura-
nium is generally finely disseminated within the ore,
in a tetravalent or hexavalent form, meaning that
concentration steps to remove the gangue material
is not possible since it would result in loss of ura-
nium in tailings. The ore is then usually completely
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leached after crushing or grinding. In the leaching
process, sulfuric acid is mainly used, and the dissolu-
tion equations from U(IV) and U(VI) are respectively
listed in Equations (1) and (2).

U0, +4H' — U +2H,0 1)
UO3 +2H" — UO5" + H,0 )

UQOg3 dissolution (Equation (2)) occurs in dilute sulfu-
ric acid while UO, dissolution (Equation (1)) requires
an oxidizing reagent. The choice of the reagent de-
pends on several factors such as the composition of
the solid, the economy of the process and the avail-
ability of the reagents at the mining site. Ferric iron is
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one of the cheapest oxidizing reagents and is there-
fore the principal oxidant of U(IV) in acid leaching
circuits [2]. The dissolution reaction of tetravalent
uranium with ferric iron leads to soluble hexavalent
uranium, as described in Equation (3).

U0, +2Fe*" — U05* + 2Fe®* 3)

Iron can come directly from the ore since it can be
present under different mineral phases or it can be
added as chemicals. Ferric iron Fe* can then be
regenerated from ferrous iron Fe?* using an oxidant,
MnO; being often used for such purpose [2], or using
microorganisms, following Equation (4).

4Fe®* +4H" + 0, — 4Fe3* +2H,0 4)

Bio-oxidation of iron uses chemolithotrophic mi-
croorganisms (various Leptospirilli and Thiobacilli),
which take their energy exclusively from the oxida-
tion of ferrous iron by oxygen, using dissolved CO,
as the unique source of carbon, and need for their
growth a high level of acidity in solution with pH val-
ues below 3. These microorganisms participate in
the natural biogeochemical cycles related to sulfide
metal deposits. Acidophilic bioleaching, i.e., cataly-
sis of sulfur and ferrous iron oxidation by microor-
ganisms, is a recognized industrial scale process used
for the dissolution of Au, Cu, Ni or Co from con-
centrates, ores, and mining waste (see BIOX or KCC
operations [3,4]). Through the oxidation of sulfides
into sulfates and ferrous into ferric iron, microor-
ganisms enhance metal dissolution. In the presence
of a low sulfide content or in the absence of sul-
fides, bioleaching can still be used, the main action
of the microorganisms being the bio-oxidation of fer-
rous iron (Equation (4)). Bioleaching presents the ad-
vantages of in situ generation of the leaching agent
(ferric iron and protons), mild operating conditions
in terms of pH (around 1-2) and temperature (20—
50 °C), and low operating costs [5]. The main draw-
back is a longer residence time compared to chemi-
cal leaching [6]. The potential of bioleaching for the
recovery of uranium from ores was recognized since
the 1950s [7]. However, uranium was reported to in-
hibit microorganisms growth and activity, the toxic
threshold concentration depending on the species
and strains. This toxicity can be addressed using an
indirect leaching approach in which the production
of the acidic ferric iron solution and the leaching of
the ore are separated in two-stage processes [7]. This

indirect approach is quite unusual for conventional
bioleaching operations, where the minerals to leach
often serve as a solid support for microorganisms.
This means that the use of the indirect approach re-
quires overcoming several scientific bottlenecks such
as O, supply, attachment of the microorganisms on a
solid support, and management of the precipitates.

This work aims to investigate the indirect bio-
oxidation of ferrous iron into ferric iron on two case
studies, the KATCO mine in Kazakhstan and the So-
mair mine in Niger, with the objective of increas-
ing uranium recovery yields and kinetics. This paper
summarizes the different steps undertaken to study
the process and to perform its scale-up on the two
case studies. It also provides insights into the main
lessons learned in bringing a biotechnology process
from laboratory to industrial scale.

2. Presentation of the case studies

The two case studies are mining sites predomi-
nantly owned by Orano Mining: the KATCO min-
ing site (Kazakhstan), owned at 51% by Orano Min-
ing and 49% by Kazatomprom; and the Somair min-
ing site (Niger), owned at 63.34% by Orano Mining
and 36.66% by SOPAMIN (SOciété du PAtrimoine des
MINes du Niger). Table 1 provides some general in-
formation about these two mining sites.

2.1. KATCO case study (Kazakhstan)

KATCO is the world’s largest in situ uranium mine,
accounting for 15% of Kazakhstan’s annual uranium
production and 7% of world production. At this site,
a leaching solution containing dilute sulfuric acid
is injected through wells into the uranium deposit.
Uranium is dissolved as the leaching solution passes
through the deposit and is pumped to the surface.
Uranium is then extracted from the leachate with ion
exchange resins, followed by steps of refining, con-
centration, and precipitation leading to the produc-
tion of the so-called yellowcake. The raffinate is re-
injected into the wells after acidification, continuing
the closed circuit process.

An iron-oxidizing bioprocess was investigated in
order to increase uranium recovery. To allow the
adequate integration of this process into the cur-
rent flowsheet (Figure 1), the following requirements
were considered: a bio-oxidation kinetics of at least
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Figure 1. Uranium leaching flowsheet for the KATCO case study including the investigated bio-oxidation
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Figure 2. Uranium leaching flowsheet for the Somair case study including the investigated bio-oxidation

processes.

Table 1. Case studies description (data from Orano Mining)

KATCO Somair
Average content of U 0.2to0.5kgU/tore 1.8kgU/tore
Annual production capacity 4000 t/year 2000 t/year
Starting production year 2006 1971
Total uranium production 46,000 t >75,000 t
% of annual world production 7% 3.5%

1 g-L71h7!, since the ferrous iron concentration in
the leaching solution reaches around 1 g-L~! after
U recovery and the Hydraulic Residence Time (HRT)
of the current flowsheet is 1 h, no addition of nutri-
ents to enhance microbial growth, and no tempera-
ture regulation. The latter requirement is all the more
important that the temperature at the KATCO mining
site varies from —5 °C to 20 °C (data from Suzak city,
60 km away from the KATCO site).

2.2. Somair case study (Niger)

In Somair, the deposit is a horizontal sedimentary de-
posit at a depth of around 50 to 70 m. Extraction
is performed from an open pit mine. The ore is
then treated either by heap leaching or pugging-and-
curing leaching, depending on its uranium grade
(Figure 2). The static treatment (acid heap leaching)

is operated on the low- or very low-grade ore (<1 kg
U/t ore). It consists in crushing the ore, agglomerat-
ing it with sulfuric acid and then stacking it in sealed
areas to be dripped with an acid solution for sev-
eral months. By percolating the ore, a leachate en-
riched in uranium is obtained. For the higher grade
ore, a dynamic treatment (pugging and curing) is per-
formed. In dynamic treatment, the ore is crushed
and ground before undergoing a sulfuric acid and ni-
trate leaching for several hours. Uranium leachate is
then recovered. After both leaching steps, solvent ex-
traction is performed, followed by purification steps
and precipitation. A concentrate of sodium uranate
called yellowcake containing 75 wt% of uranium is
produced.

In order to increase uranium recovery, MnO; is
currently used as the oxidizing reagent for heap
leaching on-site. The use of iron-oxidizing bacteria
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Preliminary studies

- Definition of the Intellectual Property Rights and Literature review

- Thermodynamic study

- Development of heat balance models to evaluate the influence of the
ambient temperature on the temperature within the bio-oxidation process
Laboratory-scale tests on the KATCO case study

- Investigation of the potential of the KCC consortium for bio-oxidation,
performed on synthetic solution

- Influence of ferrous iron bio-oxidation on uranium recovery

2013 | 2014 | 2015 | 2016 | 2017 | 2018 | 2019 2020|2021‘2022
T T

Both case studies

KATCO case study

Laboratory-scale tests on the Somair case study

- Investigation of the potential of the KCC consortium for bio-oxidation,
performed on synthetic solution

- Prefeasibility study

- Risk assessment
Transfer of microorganisms on site
On-site tests performed at the Somair mine

- Laboratory-scale tests in shake flasks

- Laboratory-scale tests in 6 L reactors

- Pilot-scale tests in 30 L reactors, including the update of the prefeasibility
study and of the risk assessment

- Pilot-scale tests in a 700 L reactor, including the update of the
prefeasibility study and of the risk assessment

Somair case study

Figure 3. Schedule of the study related to bio-oxidation of ferrous iron to ferric iron to improve uranium

recovery.

was investigated with the objective to reduce the con-
sumption of MnO; (Figure 2). In particular, it was es-
timated that implementing bio-oxidation would al-
low to save more than 43% of MnO,, leading then
to a reduction in the related operating costs of more
than 547 k€/year [8]. As for the KATCO case study,
the implementation of bio-oxidation should be per-
formed without any nutrients addition nor tempera-
ture regulation, the temperature at the Somair min-
ing site varying from 5 °C to 45 °C. Regarding the pro-
cessing conditions, the ferrous iron concentration is
much higher in Somair than in KATCO, reaching 10
t0 20 g'L 7!, and the HRT is also higher with a value of
24 h. A bio-oxidation kinetics of 0.5 g-L™!-h~! should
thus be reached. Another important parameter to
consider is the use of solvent extraction to recover U
which may lead to traces of organic solvents in the
depleted effluent containing Fe?* as these traces may
inhibit microbial activities [9].

3. Main steps of the study

The study of the potential of an iron-oxidizing bio-
process for improving uranium recovery and of its
on-site implementation started in 2013. This study
was performed in close collaboration between Orano
Mining and the BRGM (French Geological Survey),
which has a great expertise in bioleaching pro-
cesses [4]. Figure 3 presents the main steps of this

study. Firstly, theoretical studies were performed on
both case studies in order to get valuable informa-
tion on the process such as the theoretical increase
in uranium recovery, the formation of precipitates,
and the influence of the ambient temperature on the
evolution of the temperature within the bioprocess.
Experimental works were then performed using the
KCC consortium, mainly composed of the genera
Leptospirillum, Acidithiobacillus and Sulfobacillus,
which are either iron or sulfur oxidizers or both.
This consortium was chosen as it previously demon-
strated high efficiency for sulfides bioleaching and
ferrous iron bio-oxidation [10]. These first experi-
mental works were performed with a focus on the
KATCO case study as it presents a higher potential
for the bio-oxidation process (details are given in
the following paragraphs). In 2018, due to an Orano
Mining internal decision, it was decided to perform
the implementation of this innovative process on
the Somair case study and to no longer work on the
KATCO case study. All these steps are detailed in the
following paragraphs.

3.1. Preliminary studies

The first objective of the preliminary studies was to
define the intellectual property rights, by reviewing
the commercial operations and the associated
patents. The Total Patent database was used with
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the following key words: “Iron oxidation AND ferrous
AND bio”, “Iron III production AND bio”, “Ferrous
iron oxidizing bacteria’, “Uranium leaching AND
bio AND oxidation”. Several patents were found
on the use of ferrous iron bio-oxidation, such as
US4139456A 1979-02-13 [11] or US6043022A 2000-
03-28 [12], but no patents were found on its applica-
tion for uranium recovery. Moreover, no commercial
operation related to such process was identified.

Another objective of the preliminary studies was
to perform thermodynamic calculations in order to
get valuable information, even if theoretical, on the
bio-oxidation process. These calculations aim at
(i) describing the various reaction equilibria affect-
ing the dissolution of uranium when an acidic fer-
ric iron solution is used, (i) obtaining a quantitative
description of the compositions of the solutions, in
terms of dissolved species in particular, and (iii) pre-
dicting the formation of precipitates during the bio-
oxidation of ferrous iron to ferric iron. Simulations
were performed with the PhreeqC 7.3 software, which
uses the llnl database developed for uranium specia-
tion complexation equilibria. Simulation results con-
firmed the increase in U(IV) recovery by using acidic
and oxidizing solutions and indicated that precipi-
tates of iron hydroxides or jarosite (K, Na) may occur.
These precipitates will have to be taken into account
for the design of the pilot and the industrial processes
since they can lead to clogging and then require the
definition of a dedicated cleaning strategy.

The last objective of the preliminary studies was
to evaluate the influence of the ambient temperature
on the evolution of the temperature within the bio-
process and to check if it is compatible with micro-
bial activity. For the KATCO case study, the heat bal-
ance modeling was carried out following the method-
ology used by Talati and Stenstrom [13] and consid-
ering that the bio-oxidation is performed in a pond of
3000 m? since this pond was used for the recovery of
leachates. The equipment chosen for performing the
bio-oxidation was a floating agitation system recently
developed by Milton Roy Mixing and Air Liquide for
wastewater treatment applications. This system al-
lows both mixing and suspending solids in the solu-
tion as well as injecting gases into the solution. It was
chosen as it was proven that it allows decreasing the
costs of bioleaching processes when implemented in
stirred tank reactors [14]. Results showed only small
variations of the temperature in the pond regardless

30 4

25 A

20 -

T (°C)
s

J Fr/M A M J J A S O N&)
5
——Air

-10 - Pond (HRT 10h)
Pond (HRT 1h)

Figure 4. Air and pond temperatures simu-
lated for the KATCO case study.

of the atmospheric conditions (from less than —5 °C
in January to 20 °C in July), the pond temperature
varying between 24.2 °C and 24.8 °C (Figure 4), and
these temperatures are compatible with the growth
and activity of mesophilic or moderate thermophilic
microorganisms. This is due to the short HRT in the
pond, which was 1 h. Indeed, a longer HRT in the
pond would have led to a higher amplitude in the
temperature evolution, as showed in Figure 4. This
is because main thermal losses are linked to the aer-
ation of the pond and surface convection.

A heat balance model was also developed and im-
plemented for the case study of Somair. Similarly
as for the KATCO case study, results showed that the
temperature of the pond is very close to the tempera-
ture of the inlet effluent even if the HRT is 24 h. This s
because the main parameter controlling the temper-
ature of the pond considered in the Somair case study
is the temperature of the inlet effluent with only a mi-
nor influence of the aeration of the pond.

3.2. Laboratory-scale tests at the BRGM and at
Orano Mining's Innovation Center for
Extractive Metallurgy (CIME)

3.2.1. Laboratory-scale tests on the KATCO case study

3.2.1.1. Objectives. The first experimental works
were performed on the case study of KATCO since it
presents a higher potential for the bio-oxidation pro-
cess (considering the mineralogy of the deposit) and
some operating conditions are more favorable for
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Figure 5. Schematic diagram of the experimental devices used to assess bio-oxidation kinetics with KCC

consortium, (a) STR and (b) bubble column.

such a process compared to the case study of Somair.
This is in particular the case of the lower Fe concen-
tration, which reduces the process piloting issues
associated with the formation of Fe-precipitates, and
of the use of ion exchange resins instead of solvent
extraction for uranium recovery, therefore avoiding
the presence of traces of organic solvent which could
inhibit the microorganisms.

The laboratory-scale tests were performed with a
threefold objective:

(1) To assess the feasibility of reaching and
maintaining bio-oxidation rates with a well-
known microbial consortium in continuous
mode at a temperature of 20 °C.

(2) To determine the influence of the HRT on
bio-oxidation rates.

(3) To demonstrate the increase of uranium re-
covery yield and rate in the presence of bio-
genic ferric iron.

3.2.1.2. Methods. Experiments were performed in
two steps. First, 2 L stirred tank reactor (STR) exper-
iments were performed at the BRGM laboratory on a
synthetic solution with a composition in major ele-
ments similar to the KATCO effluent (Fe, Ca, Mg, Al,
S03%~ and C).

As mentioned before, the KCC consortium was
chosen for these tests. It is important to mention

that similar acidophilic microorganisms (same gen-
era and species) were previously found in Kaza-
khstan [15-17]. One test was also performed in abi-
otic conditions in order to assess the influence of
the biomass on the bio-oxidation of the ferrous iron.
A solid support made with coal particles was intro-
duced into the STR in a basket (Figure 5) in order
to allow the biomass to create biofilms. Indeed, at-
tached bacteria are often more efficient than plank-
tonic cells due to higher resilience of biofilms to-
wards potential inhibitions [18]. As O, and CO» sup-
ply are key parameters for the bio-oxidation of fer-
rous iron (Equation (4)), STRs were equipped with
baffles and a Rushton turbine to ensure high mass
transfers. The temperature was regulated to 25 °C as
the preliminary study showed that this would be the
operation temperature in KATCO. The reactor was
first launched in batch mode to allow the fixation of
the microorganisms on the solid support and then
operated in continuous mode by progressively reduc-
ing the HRT. HRT is related to the liquid phase in all
the works performed in this study since the solid sup-
port was kept within the reactor in order to allow the
biomass to grow.

Secondly, tests coupling the ferrous iron bio-
oxidation and the KATCO ore leaching were per-
formed. A bubble column, considered as fluidized
bed reactor, was considered for the bio-oxidation
reactor. This choice was motivated by the small
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Figure 6. Bio-oxidation rates and yields in the STR experiments (left) and bubble column (right) with a
KATCO synthetic effluent and for various operating conditions (from [19]).

volume of the bubble column which allows contin-
uous coupling with the uranium leaching test since
its input flow rate was 100 mL-h~! (Figure 5). The
bubble column was operated at 20 °C with coal as
solid support. The reactor was first launched in batch
mode to allow fixation of the microorganisms on the
solid support and then operated in continuous mode
by progressively reducing the HRT. Bio-oxidation in
bubble columns was optimized at the BRGM lab-
oratory and then operated in close loop by Orano
Mining in their laboratory. Tests were performed
with a real effluent from KATCO. Uranium leaching
was performed in columns, each column contain-
ing about ten kg of ore each. Fe®'-enriched solu-
tion was injected at a flow rate of 100 mL-h™! al-
lowing an ascending volumetric flow rate per unit
area of 4 L-h™1-m~2, close to the one used at the
KATCO mine. Effluents were acidified to pH 1.6 with
dilute sulfuric acid, before passing through anionic
resins to recover uranium. Uranium-depleted solu-
tions were then treated in the bio-oxidation column
for ferrous iron oxidation.

Each reactor was monitored daily for pH, re-
dox potential and temperature. Sampling was
performed daily in the Fe3*-enriched solution in
order to analyze the total Fe concentrations—by
Atomic Absorption Spectroscopy (AAS)—and the
Fe2* concentrations—by titration with Ce(IV) sulfate
0.001 M. Bacterial cells were also counted occasion-
ally in the Fe3*-enriched solution. In order to de-
termine the dynamics of microbial populations,

DNA extraction followed by CE-SSCP (capillary
electrophoresis with single-strand conformation
polymorphism) was performed at the end of each
test. Results related to the biomass are not given here
due to confidentiality issues.

3.2.1.3. Results. STR experiments performed in abi-
otic conditions, i.e., without microorganisms, led
to an oxidation rate of about 0.1 g-L™'-h~!, show-
ing that the air oxidation of ferrous iron does not
allow to reach industrial requirements (here set at
1g-L~1-h™!). When using the KCC consortium, an ox-
idation rate of about 1.1 g-L.-!-h~! was obtained at a
HRT of 1 h, confirming the potential of the biomass to
perform the bio-oxidation of ferrous iron into ferric
iron. It should be mentioned that this performance
was obtained at 25 °C, whereas the optimal temper-
ature for the KCC consortium is 40-42 °C [10], con-
firming the robustness of this consortium (Figure 6,
left). Similar results were obtained with the bubble
column (Figure 6, right). Itis then interesting to high-
light that it was possible to adapt the biomass for ox-
idizing 100% of Fe?* at a HRT of 1 h and at 20 °C,
as shown in Figure 6. Moreover, no washout of the
biomass was observed, confirming that the use of a
solid support enables the biomass to be maintained
in the reactor even if the HRT was lower than its dou-
bling time since, for example, the doubling time of
L. ferriphilum is around 3.1 h [20-22]. During these
tests, the clogging of the biomass support by a biofilm
growth and/or by precipitates remained moderate.
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consumption as a function of L/S ratio
(from [19]).

A high reproducibility was observed between the
results obtained with the STR and with the bub-
ble column, confirming the robustness of the pro-
cess. Moreover, the bio-oxidation rate showed only
small variations when the oxidation yield reached its
maximum value. For example, at a HRT of 3 h in
the STR, the relative standard deviation of the bio-
oxidation rate was 1.2% during 6 days, which corre-
sponds to 48 HRT and 6 measurements of the kinet-
ics. At a HRT of 1 h in the bubble column, the bio-
oxidation rate varied by 2.4% during 14 days, which
corresponds to 336 HRT and 10 measurements of the
kinetics.

When the bio-oxidation of ferrous iron was cou-
pled with uranium leaching, an increase in uranium
recovery was observed compared to acid leaching
only (Figure 7).

This was accompanied by a decrease in acid con-
sumption of 0.6 kg/t ore, which represents a reduc-
tion of 6.4% in the total acid consumption. These
tests were performed on a real effluent from the
KATCO case study and therefore showed that the
presence of traces of radioelements did not signifi-
cantly affect the bio-oxidation performances.

3.2.2. Laboratory-scale tests on the Somair case study

3.2.2.1. Objectives. As mentioned previously, a
change in the case study occurred in 2018 due to
an Orano Mining internal decision and the Somair
case study was chosen for the on-site implementa-
tion of the bio-oxidation of ferrous iron. Since the
composition of the Somair effluent markedly differs
from the KATCO one, in particular regarding the Fe?*
concentration with values up to 20 g-L™!, comple-
mentary laboratory-scale tests in bubble columns
were performed in Orano Mining’s Innovation Cen-
ter for Extractive Metallurgy (CIME). The objectives
of these tests were to assess the influence of the
change in effluent composition on the bio-oxidation
performances and to collect reliable data to design
the pilot-scale experiments.

3.2.2.2. Methods. Tests were performed ina 5 L STR
similar to the one described in Section 3.2.1.2 with a
similar monitoring. A synthetic solution with a com-
position similar to that of the Somair effluent was
used, in particular regarding the content in iron, nu-
trients (K, Mg, B NHI) and potential inhibitor ele-
ments (Al, NOj3, CI7). Continuous tests were per-
formed at 30 °C, the mean temperature of the efflu-
ent, and the pH was regulated at 1.2. The reactor
was first launched in batch mode to allow the fixa-
tion of the microorganisms on the solid support and
then operated in continuous mode by progressively
reducing the HRT.

3.2.2.3. Results. Some of the results obtained during
the experiments are given in Figure 8. As showed
in Figure 8, it is possible to reach and maintain the
bio-oxidation rate targeted for the Somair case study,
which is around 500 mg-L'-h™!. This bio-oxidation
rate was obtained for a bio-oxidation yield lower than
100% and did not change regardless of the decrease
in the HRT, which seems to indicate that the max-
imum oxidative performances of the biomass have
been reached. Moreover, the solid support concen-
tration seems to be a limiting factor since it was not
possible to reach a bio-oxidation of 500 mg-L~!-h~!
with a solid support concentration of 40 g-L~!. Fig-
ure 8 also shows a decrease in the oxidation rate af-
ter several days of operation. This could be explained
by the formation of iron precipitates, which clogged
the solid support leading to a reduction in the bio-
oxidation performances, since the biomass was fixed
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Figure 8. Bio-oxidation yield and rate during laboratory-scale tests with the synthetic effluent from the

Somair case study.

on the solid support. This assumption was supported
by the observation of a very large quantity of red—
orange precipitates when the reactor was stopped
and opened. This precipitate is most probably
mainly composed of jarosite, which is the predom-
inant precipitate detected in bioleaching systems,
even at low pH [20]. A similar effect of the iron pre-
cipitates when coal particles are used as solid support
for bio-oxidation was reported by Hubau et al. [20]. In
particular, they demonstrated that jarosite formation
clogged the solid support pores, inducing very low
mass transfers and a reduced microbial activity. This
clogging effect was somehow mitigated after some
time when using a bubble column due to the attri-
tion occurring within the fluidized bed which opened
the coal pores, leading to a new increase in the bio-
oxidation rate [20]. These phenomena, observed at
microscopic scale, create high variations in kinetics
at macroscopic scale and should then be considered
carefully when designing a bioreactor. In particular,
it seems that other solid supports could be more ap-
propriate for the bio-oxidation of Fe?* -rich effluents,
such as woven nylon [23].

The results obtained with these works performed
at laboratory scale on a synthetic effluent from
the Somair case study confirmed the potential of
the bio-oxidation to improve uranium recovery. A
prefeasibility study and a design to cost analysis were
performed based on these first results, including in
particular the comparison of the two designs for the
bioreactor which are the STR and the bubble column,
the latter being similar to a fluidized reactor, with no

mechanical agitation. First estimations of the capital
expenditures (CAPEX) and operational expenditures
(OPEX) as well as a risk assessment were performed.
In particular, results showed that CAPEX and OPEX
are reduced by more than 30% and 40%, respectively,
when using a fluidized reactor. The main drawback
identified for such reactor is related to mass trans-
fers, meaning that works will have to be performed
on its design to optimize them. A planning for on-site
implementation and up-scaling of the process was
then defined.

3.3. On-site tests performed at the Somair mine

First of all, the transfer of microorganisms on-site
followed Nagoya protocol on Access to Genetic Re-
sources and the Fair and Equitable Sharing of Bene-
fits Arising from their Utilization to the Convention
on Biological Diversity. This protocol, adopted in
2010 and ratified by 137 parties, deals with the use
of genetic resources, in order to share fairly and equi-
tably the benefits and thus to contribute to the con-
servation and sustainable use of biodiversity.
Moreover, a dedicated training of the mining op-
erators was conducted allowing them to efficiently
monitor and operate bioprocesses. This training also
included information related to the risks associated
to handling the bio-oxidation solutions that would
be produced, the main one being the acidity of the
solutions. It should be mentioned that the mine op-
erators already had several acid effluents to manage
on-site and had therefore defined the appropriate
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Figure 9. Photo of the laboratory developed at
the Somair mine (@0Orano Mining).

safety measures. In addition, a laboratory equipped
for bioprocesses development and monitoring was
implemented on-site (Figure 9). In particular, it in-
cluded a microscope for cell counting with Thoma
plates. These were a prerequisite for the transfer to
the Somair mine of the process development, opera-
tion and up-scaling works.

A method for the continuous monitoring of the
main operating parameters was established on-site
and was used at each scale. The reactors were
equipped with pH, redox potential, dissolved O, and
temperature probes with continuous records (time
step around 2h30). Total Fe concentrations were de-
termined daily through AAS, while an empirical cor-
relation was used to evaluate Fe?* concentrations
from redox potential values [24]. In order to deter-
mine the biomass concentration, Thoma cell count-
ing was performed. Regarding the biomass attached
to the solid, a detachment protocol based on the
use of ultrasounds was established on-site (Thoma
cell counting after detachment) but its execution re-
mained limited due to difficulties in sampling the
solid support.

3.3.1. Laboratory-scale tests in shake flasks

3.3.1.1. Objectives. The main objectives of the tests
in shake flasks performed on-site were to adapt the
microbial consortium to the industrial effluents and
to define how the bio-oxidation process could be in-
tegrated in the current flowsheet. In particular, two
integration options were investigated:

« In the first one (Figure 10), bio-oxidation is
performed on the leachate from the heap
leaching (called “production effluents”). In
this case, uranium-enriched leachate is recir-
culated in the heap after its bio-oxidation in
order to concentrate uranium in the leachate
before its recovery in the solvent extraction
unit. The main drawback of this option is the
potential toxicity of uranium towards bio-
oxidation microorganisms.

« In the second one (Figure 11), bio-oxidation
is conducted on the raffinate, i.e., the
uranium-depleted effluent after the solvent
extraction unit. The advantage of this option
is that radioelements concentration in the
raffinate is very low. However, the raffinate
may contain traces of organic solvents due to
its treatment in the solvent extraction unit.

This step also aimed to check that all the equip-
ment planned to be used in the pilot and industrial
operations do not present any toxicity towards the
microorganisms. Last but not least, this step aimed
to produce the biomass that will be used to inoculate
the 6 L bioreactors.

3.3.1.2. Methods. Subcultures were performedin1 L
bottles with a working volume of 250 mL, placed on
a shaking table. The temperature was not regulated
and could therefore vary from 17 °C to 43 °C in a
24-h period (evolution of temperature in the labora-
tory). In order to ensure a good adaptation of the mi-
croorganisms to the industrial effluents (both from
the production effluent and the raffinate), they were
first diluted at 50 vol% with the synthetic effluent and
their content was gradually increased up to 100 vol%.
The protocol used to subculture and scale up the pro-
cess consisted in inoculating 10% of both solid and
liquid phase. pH and redox potentials were measured
on a daily basis.

3.3.1.3. Results. Results showed that the bio-
oxidation rate strongly depended on the effluent
composition, with values varying from 10 mg-L~!-h~!
to 120 mg-L~!-h~!. These results have to be consid-
ered carefully, since the tests were performed in
batch mode with no control of some of the operating
conditions, such as temperature and aeration, and
with a monitoring carried out only once or twice a
day, whereas Fe?* was sometimes completely ox-
idized in few hours. It was therefore not possible
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to use the obtained values of the bio-oxidation rate
to predict the performances of a continuous oper-
ation. However, these results gave interesting in-
sights into the adaptation of the microorganisms
to the two industrial effluents. In particular, it was
observed that the use of uranium-enriched effluent
led to far lower bio-oxidation rates compared to the
ones obtained with the uranium-depleted effluent.
Bio-oxidation should therefore be performed on the
uranium-depleted effluent, which corresponds to
the processing option presented in Figure 11 even
if the effluent may contain traces of solvent. The
influence of traces of solvent on bio-oxidation per-
formances was investigated and results showed a
detrimental effect, consistent with the study from
Mazuelos et al. [9]. In order to limit this issue, it was
recommended to add a decantation step before the
bio-oxidation process and to pump the effluent from
the bottom of the decantation system since the sol-
vent will stay at the surface. Another solution could
be to add a treatment step with activated charcoal
since it is usually used to remove organic solvents
but this treatment is quite expensive and complex
to operate (in particular for the regeneration of the
activated charcoal) at a remote industrial site.

3.3.2. Laboratory-scale tests in 6 L reactors

3.3.2.1. Objectives. The laboratory-scale tests per-
formed in 6 L reactors had three objectives. The
first one was to assess the ability of the microor-
ganisms to oxidize industrial effluents at the tar-
geted rate (500 mg-L™'-h™!) and to test the influ-
ence of the operating conditions on the perfor-
mances. The second one was to investigate the ef-
ficiency of woven polypropylene as solid support
for biomass. This choice was motivated by previ-
ous works showing that bio-oxidation performances
with woven polypropylene are not as affected by the
formation of precipitates as when using coal parti-
cles [23]. The last objective was to produce enough
biomass to inoculate larger-scale bioreactors.

3.3.2.2. Methods. Similarly to the laboratory-scale
tests performed at the BRGM and at Orano Mining’s
CIME, two types of reactors were used: (i) a5 L STR,
similar to the one described in Section 3.2.1.2. Fig-
ure 5 was used from September 2019 to March 2020
and (ii) a 6 L bubble column was operated from April
2020 to March 2022. In both reactors, the input ef-
fluent was injected at the bottom of the reactor and
overflowed from the top. Air was also injected at



28 Agathe Hubau et al.

100 1000

20 900 =
~ 80 g0 =
% 70 700
5 60 600 E
7 50 500 =
S 40 400
Z 30 300 =
2 20 00 E

10 100

0 0
HRT 48h 3ch 24h 18h 18h 18h 24h

vol% industrial effluent  50vol% 50vol% 50vol% 50vol% 50vol% 75vol% 75vol%
Gaseous CO; NaCO3

Oxidation yield

—+—0xidation rate (mg/L/h)

Figure 12. Bio-oxidation yields and rates in the 5 L STR operated on the Somair site.

the bottom through a fritted cylinder. For the sup-
ply of CO, gas bottles were mostly used but Na;CO3
was also considered as it is already used on-site for
uranium production, which would then simplify the
logistics at this remote site. Some tests were also
performed without any enrichment of the air in CO».
In the 5 L STR, the woven polypropylene was placed
in the basket and was “crumpled” to reach the tar-
geted solid support concentration. In the bubble col-
umn, the solid support was fixed in the middle of the
column: woven polypropylene support was either
crumpled in a basket or stretched across the height,
i.e., in the same direction as the liquid and bubbles
flow. The reactors were first launched in batch mode
to allow fixation of the microorganisms on the solid
support and then operated in continuous mode by
progressively reducing the HRT. The tests were first
conducted on an effluent made with 50 vol% of in-
dustrial effluent and 50 vol% of synthetic effluent, the
content of industrial effluent being then increased to
75 vol% and to 100 vol% when the biomass was con-
sidered robust enough to be adapted to such efflu-
ent. In order to monitor the biomass, DNA extrac-
tion and CE-SSCP were performed on the solid phase
from time to time. Results related to the biomass are
not given here due to confidentiality issues.

3.3.2.3. Results. The first tests were performed in the
5 L STR with a temperature maintained at 40 °C. Re-
sults showed that it is possible to reach and maintain
a Fe?* bio-oxidation rate of at least 500 mg-L’l-h’l,

a bio-oxidation rate of about 600 mg-L™'-h~! be-
ing even reached and maintained in some of the
operating conditions investigated (Figure 12). As
shown in Figure 12, the HRT was first reduced
from 48 h to 18 h, each reduction performed after
stabilizing the bio-oxidation yield at 100%. These
good bio-oxidation performances obtained with the
woven polypropylene showed that this material can
be used as solid support for biomass.

The CO, supply was changed from gaseous CO,
to NapCOs after 70 days of operation without affect-
ing the performances. However, it affected the acid
consumption by increasing the pH. H,SO, addition
was finely monitored to estimate the additional cost
associated to the use of Na,COs3.

The concentration of industrial effluent was in-
creased from 50 vol% to 75 vol% after about 85 days.
A decrease in the bio-oxidation yield was observed
with no change in the bio-oxidation rate. This can
be due to a limited bio-oxidation capacity of the
biomass with the amount of solid support used, since
an increase in HRT allowed to reach again a bio-
oxidation yield of 100%. Similar results were ob-
tained with the 6 L bubble column.

After more than 60 days of operation, no precipi-
tates were observed on the solid support. This con-
firmed the benefits of using woven polypropylene as
solid support instead of coal particles which tend to
be clogged quite easily (see Section 3.2.2). More-
over, it was observed that the mode of handling the
solid support had a strong effect on the decrease
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Figure 13. Bio-oxidation yields and rates in the 6 L bubble column operated on the Somair site (from

December 2021 to March 2022).

in bio-oxidation performances due to the formation
of precipitates: stretching the woven polypropylene
across the height allowed to more than double the
time of operation before a cleaning is required com-
pared to crumpling the solid support in a central bas-
ket.

The potential of the biomass to bio-oxidize the
Fe?* contained in the industrial effluent without any
dilution, i.e., with a concentration of 100 vol%, was
tested in the 6 L bubble column. A bio-oxidation
yield of 100% was obtained for a HRT of 25 h,
which corresponds to a bio-oxidation rate of about
350 mg-L"'-h7!,

The 6 L bubble column reactor was also used to
investigate the influence of temperature regulation
and CO; enrichment of air on the bio-oxidation per-
formances. Tests were performed from July 2021 to
March 2022 on an industrial effluent concentrated at
50 vol%. Results obtained from December 2021 to
March 2022 are given in Figure 13. The relative stan-
dard deviation of the bio-oxidation rates during each
operating condition was low (less than 5%). These
relative standard deviations were in the same or-
der of magnitude than the ones observed during the
laboratory-scale tests at the BRGM laboratory (Sec-
tion 3.2.1) despite the higher difficulty in maintain-
ing stable operating conditions on-site. It is therefore
possible to compare the results obtained at different
operating conditions. Good performances were ob-
tained at temperatures far lower than 40 °C, which
is really promising from an industrial perspective.
Regarding the CO, partial pressure, a bio-oxidation

yield of almost 100% was obtained even when the air
was not enriched in CO,. These results should be
confirmed at a larger scale, especially since in the 6 L
bubble column the air flow rate was in large excess
to guarantee a good homogenization and mass trans-
fers within the bioreactor, and biomass had time to
colonize the solid support before the enrichment in
CO, was turned off.

The 6 L bubble column was operated for several
months (from April 2020 to November 2022). During
this long period of operation, clogging of the solid
support by precipitates was observed. Even if the
quantity of precipitates was highly reduced com-
pared to when using coal particles, it raised the issue
of maintenance. A protocol based on partial cleaning
of the solid support on a regular basis was therefore
developed and validated.

Based on these results, 9 Key Performances Indi-
cators (KPI) were defined in order to better evaluate
and compare the performances of the bio-oxidation
process at each step of the scale-up. They are there-
fore critical milestones to reach for the industrial
implementation of this bioprocess. Some exam-
ples of KPIs considered here are the following: con-
centration of industrial effluent, bio-oxidation rate,
frequency of maintenance of the solid support and
time to reach the optimal performances again after a
maintenance operation.

3.3.3. Pilot-scale tests in 30 L reactors

3.3.3.1. Objectives. The pilot-scale tests performed
in 30 L reactors aimed to optimize the operating
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parameters, in particular for the start and the restart
of the bioreactor after a maintenance operation.
They also aimed to produce enough biomass to in-
oculate the larger-scale bioreactor.

3.3.3.2. Methods. 3 bubble columns, similar to the
6 L bubble column (with woven polypropylene used
as solid support and stretched across the height of
the columns), were operated from August 2020 to No-
vember 2022. Air was initially enriched with gaseous
CO2 (1%) before switching to Na,CO3 supply. Tem-
perature was set at 35 °C. The reactors were first
launched in batch mode to allow fixation of the mi-
croorganisms on the solid support and then oper-
ated in continuous mode by progressively reducing
the HRT. O, and CO, partial pressures were occasion-
ally measured at the top of the reactors. In order to
monitor the biomass, DNA extraction and CE-SSCP
were performed on the solid phase from time to time.

3.3.3.3. Results. Similarly to the 6 L bubble column
tests, the bio-oxidation performances were not af-
fected when the temperature was no longer regulated
and when the air was not enriched in CO,. This re-
sult was observed when the industrial effluent was
concentrated at 100 vol%. However, it was observed
that a CO, enrichment of the air is requested when
the operation is being started or during a batch mode
operation in order to ensure an efficient microbial
growth. It was also observed that a temperature of
around 20 °C is a limiting factor in such phases.

The experiments performed with the 30 L reac-
tors also allowed to determine the quantity of solid
support required to maintain a biomass concentra-
tion allowing to reach the targeted bio-oxidation per-
formances. The initial ratio of woven polypropylene,
set to 40 m?-m~3, led to a bio-oxidation rate of about
350 mg-L~!-h~! when the industrial effluent was used
(i.e., concentration of 100 vol%). This ratio was pro-
gressively reduced to 9 m?-m~3 and results showed
that this ratio still allowed reaching and maintaining
a bio-oxidation rate of about 350 mg-L™!-h~1.

Moreover, this testing campaign demonstrated
the importance of O, transfer. In particular, when
a clogging of the fritted cylinder was observed, lead-
ing then to a reduction of the air flow rate, the bio-
oxidation performances were strongly decreased. It
was observed that the declogging of the fritted cylin-
der allowed reaching again the bio-oxidation per-
formances within a short period, confirming the

robustness of the biomass. Finally, it should be
mentioned that a bio-oxidation rate of about 300-
350 mg-L~!-h~! was obtained for more than 4 months
of continuous operation of the bioreactors.

3.3.4. Pilot-scale tests in a 700 L reactor

3.3.4.1. Objectives. The 700 L bioreactor was oper-
ated in order to continue the scale-up of the biopro-
cess and in particular to define the operating proto-
col to inoculate a bioreactor with a scale factor higher
than the usual one. Indeed, upscaling in biopro-
cesses is usually performed with a scale factor of 10
but here it was planned to go from 30 L to 700 L, i.e.,
a scale factor of 23. This step also aimed to define ad-
ditional KPIs and to get more reliable data for the de-
sign of the industrial system.

3.3.4.2. Methods. A tank of 700 L was designed in
which the industrial effluent was injected at the bot-
tom of the reactor and overflowed from the top. An
air diffuser tube bound in a spiral at the bottom of the
reactor was used to inject air. Na,CO3 was used for
the CO, supply, with a CO, content in the air of 0.4—
0.6%. No regulation of temperature was used. Wo-
ven polypropylene was used as solid support and a
dedicated system was designed in order to stretch it
across the height of the tank. The volumetric ratio of
solid support was the same as for the 30 L bioreactor
in order to keep the same concentration of biomass.
Kra (Volumetric Mass Transfer Coefficient) was de-
termined for different air flow rates in order to ensure
sufficient O, mass transfer by comparison to O, up-
take rate and stoichiometry of the reaction.

This reactor was operated between April 2022 and
November 2022. It was first launched in batch mode
to allow fixation of the microorganisms on the solid
support and then operated in continuous mode by
progressively reducing the HRT. O, and CO, partial
pressures were occasionally measured at the top of
the reactor, as well as O, uptake rate (through dis-
solved O probe).

3.3.4.3. Results. The batch phase and the first con-
tinuous steps went quite fine even if the inoculation
ratio was low (3.5% for the solid support). In par-
ticular, a bio-oxidation yield of 80% was obtained
with a HRT of 48 h, which corresponds to a bio-
oxidation rate of 160 mg-L™!-h~!. The effluent was
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Figure 14. Evolution of the colonization of one piece of the solid support (woven polypropylene) by the

biomass (©Orano Mining).

then changed to another one produced on the min-
ing site (details not communicated here due to con-
fidentiality issues), which led to a strong decrease in
bio-oxidation performances. This may be caused by
the presence of elements which inhibit the microor-
ganisms. However, it was not possible to validate this
assumption since Orano Mining decided to stop the
study.

Even if it was not possible to reach good bio-
oxidation performances with this 700 L bioreactor, its
piloting still allowed defining a protocol to observe
the colonization of the solid support by the biomass,
as showed in Figure 14. This protocol and the feed-
back of its use could be used in another case study as
they bring insightful information on the colonization
of the solid support by the biomass, which is a critical
parameter for a successful scale-up of a bioprocess.

4. Discussion

These works carried out at different scales high-
lighted that the main critical parameters for the im-
plementation of the process of bio-oxidation of fer-
rous iron to ferric iron are related to biomass and to
mass transfers. Specific works were then performed
both at the mining site and at the BRGM and CIME
laboratories.

First of all, it is critical to understand the mech-
anisms related to biofilm formation and growth in
order to reach good performances of the biopro-
cess. Due to limited access to characterization
equipment at the Somair mine, the in-depth char-
acterization works were performed at BRGM, on
a 150 mL bubble column operated in continuous
mode fed with a model solution (ferrous sulfate in
a nutrient medium). The aim was to better under-
stand the biofilm formation and its influence on the

bio-oxidation rate of the bioreactor. In particular,
cryogenic scanning electron microscopy (Cryo-SEM)
was used to observe the attachment of cells onto the
solid support without prior preparation steps (the
methodology is described in [20]). A comparison of
biofilms between new and old woven polypropylenes
(used as solid support for 1.5 month and 1.75 year re-
spectively) was performed (Figure 15). These works
showed that even though the woven polypropy-
lene had large holes (around 400 pum, as used on-
site), biofilms completely clogged the solid support,
probably affecting the mass transfer. Thin sections
were also observed with a scanning transmission
electron microscopy (STEM) (the methodology was
adapted from [25]). It enabled to see that the mi-
croorganisms did not seem to be directly in contact
with the polypropylene, a layer of extracellular poly-
meric substances secreted by the bacteria being in-
between. It was also observed that precipitates were
included in the biofilms and that microorganisms did
not seem to be located in the same areas than pre-
cipitates, as if their inclusion in the biofilm was not
simultaneous. Monitoring of the biofilm growth was
performed on-site with the development of specific
methodologies. In particular, a methodology was de-
veloped in order to estimate the amount of biomass
attached to the solid support, this methodology in-
cluding a dedicated protocol for recovering the at-
tached cells followed by counting in Thoma cells.
A methodology was also developed to estimate the
growth of the biofilms on the woven polypropylene
used in the 700 L reactor. This methodology is based
on taking pictures of several given pieces of the solid
support, at the same distance and with the same light
on a regular basis (see Figure 14).

Another important feature of the biomass is re-
lated to its inhibition by elements possibly found in
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the industrial effluents. Indeed, even if some poten-
tial inhibitory elements were identified before per-
forming the tests, such as uranium in the production
effluent (Figure 10) or traces of organic solvents in
the raffinate (Figure 11), others elements may have
an inhibitory effect on the metabolic activity of the
bacteria. An ecotoxicity approach was then devel-
oped on-site. In this approach, detailed analysis of
the effluents was combined to laboratory-scale tests
in shake flasks. Such approach was implemented on
a regular basis on the industrial effluent used for the
tests since some variations in its chemical composi-
tion can be found.

Another key parameter of the performances of
this bio-oxidation process is the formation of pre-
cipitates, as they play a significant role in the mass
transfers. In this study, precipitates were produced
even though pH was most of the time regulated to

1.2. These precipitates were not characterized due to
the difficulty in collecting and analysing them, since
they are associated to radioelements. However, some
information could be obtained from Hubau et al. [20]
who performed bio-oxidation tests in a similar con-
text with SEM-EDS (Scanning Electron Microscope-
Energy Dispersive Spectroscopy) characterization of
the precipitates [20]. They showed that precipi-
tates were a mixture of jarosite and ammoniojarosite,
which are often reported in bioleaching systems.
These precipitates came from ferric iron and sul-
fates together with cationic nutrients (K*,NHj,...).
Understanding the precipitation mechanisms is cru-
cial to decrease their production allowing then im-
proving mass transfers and optimizing maintenance
of the bioreactors.

Last but not least, it is essential to optimize
gas-liquid mass transfers all along the upscaling of
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the process. Gas-liquid mass transfers were stud-
ied at each step of the on-site tests (except for the
laboratory-scale tests in shake flasks) by analyzing
gas composition in the outlet flow of the bioreactor,
by measuring O, uptake rate during bio-oxidation
and by estimating kya. It should be mentioned that
there is a need to develop monitoring instruments
dedicated to acidophilic bioleaching environments
in order to optimize gas-liquid mass transfers. For
example, it would have been very useful to mea-
sure the dissolved CO, content. However, the related
probes available on the market are, to our knowledge,
not adapted to this application.

5. Main lessons learned

Even if the study was stopped before industrial im-
plementation of the investigated bioprocess, several
lessons were learned from the tests performed at
laboratory- and pilot-scale. This work also allowed
identifying opportunities of process improvement.

In particular, the conception of the bioreactor (di-
mensions, stirring, air injection, mode of handling
the solid support within the reactor) was shown to
be a key parameter for the industrial implementa-
tion of the ferrous iron bio-oxidation. This is all the
more important that some critical requirements are
somehow antagonist. For example, it is required to
avoid bacterial washout from the reactor in order to
maintain high bio-oxidation performances so fluid
turbulences should be limited to avoid biofilm de-
tachment from the solid support. However, a good
homogenization is a prerequisite to ensure high mass
transfer, in particular for gas, and then high bio-
oxidation performances. It is also essential to con-
sider the management of precipitates when design-
ing the bioreactor in order to maintain the perfor-
mances over long periods of time and to limit the ef-
fects of the maintenance phase. Last but not least,
the design of the bioreactor has a strong impact on
the CAPEX and on the OPEX. For example, a Stirred
Tank Reactor allows high mass transfer but leads
to high CAPEX and OPEX. Using a pond with air
diffusers (which could be considered as the indus-
trial equivalent of the bubble column) has the ad-
vantages of low CAPEX and OPEX but may lead to
hydrodynamic short circuits and then to low mass
transfers.

Regarding the operating conditions, results
showed that the microorganisms used in the bio-
process have a strong robustness, which is a re-
ally positive feature since it means that they can be
adapted to changes in operating conditions without
decreasing their performances, and that a brutal
change in operating conditions (due to an unex-
pected issue for example) does not lead to a loss in
biomass. In particular, regarding the effluent compo-
sition, it was observed that it is possible to adapt the
biomass to high concentrations of elements by first
diluting the effluent and progressively decreasing the
dilution level. This parameter is easier to evaluate in
continuous mode rather than in batch mode, as the
change in effluent composition is less abrupt. More-
over, results showed that the temperature and the
enrichment of air in CO,, which highly determines
the biomass formation, are very important during
batch phases such as the start-up or the restart after
a maintenance operation. They are not so important
during the bio-oxidation phase. These phases should
then be carefully considered during the scale-up and
later for the industrial exploitation of the process, as
they are decisive for the on-site implementation, not
only from a technical point of view but also from an
economic point of view.

Results obtained in this study highlighted the need
to have and to maintain shake flasks for checking
the toxicity of any new effluent or material that will
have to be placed within the bioreactors. These shake
flasks could also be used to assess the composition of
the effluent towards the biomass resistance in case of
an unexpected change in the mine process.

Another lesson learned from this study is that it
is essential to have a good knowledge of the biofilm
properties. Monitoring the overall process param-
eters (oxidation yield, total Fe and Fe?* concentra-
tions, etc.) does not allow understanding the mech-
anisms related to the biofilms (such as formation,
growth, clogging, detachment), which are neverthe-
less a pivotal point of this bioprocess. Changes in
biomass at the microscopic scale may results in high
variations of the behavior and performances of the
whole process at macroscopic scale. Better under-
standing the biofilm properties often requires ac-
cess to cutting-edge characterization equipment not
available on the industrial sites, so strong collabo-
ration with research laboratories should be encour-
aged.
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Finally, the definition of Key Performance Indica-
tors (KPIs) quite early in the implementation strat-
egy was proven to be very effective to guide the plan-
ning of the experimental testwork for the upscal-
ing of the bioprocess. They also constitutes the ba-
sis of an iterative approach for the update of the
techno-economic feasibility of the process, consid-
ering the information obtained at the different de-
velopment steps, allowing the identification of tech-
nical and economic hot spots as soon as they ap-
pear, which need then more research work for their
optimization.

6. Conclusions

The development of the bio-oxidation of ferrous
iron to improve uranium recovery was initiated with
theoretical works and with laboratory-scale tests
performed on synthetic effluent to evaluate its po-
tential. From these first results, the main steps for
its upscaling and its implementation on a mining
site were defined. The main results from each of
these steps are presented, discussed and put into
perspective in order to support an iterative approach
for the design of the bioreactor and for the update of
the techno-economic feasibility of the process with
the final objective to define the most appropriate
operational technology and flowsheet.

Even if this study was stopped at the 700 L piloting
stage due to an internal decision of Orano Mining, it
still allowed improving process know-how and oper-
ational experience that could then be used for the in-
dustrial implementation of any bioprocess. In partic-
ular, several lessons can be learned and allow identi-
fying opportunities to improve the investigated bio-
process and the approach used for its upscaling.
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