| Communaute
i UNIVERSITE Grenoble Alpes

THESE

Pour obtenir le grade de

DOCTEUR DE LA COMMUNAUTE UNIVERSITE
GRENOBLE ALPES

Spécialité : Mécanique des fluides, procédés, énergétique

Arrété ministériel : 25 mai 2016

Présentée par

« Juan ANAYA-GARZON »

Thése dirigée par Pierre-Xavier THIVEL et codirigée par
Gérard MERLIN et Nadine COMMENGES-BERNOLE

préparée au sein du Laboratoire d’Electrochimie et de
Physicochimie des Matériaux et des Interfaces - LEPMI
dans I'Ecole Doctorale IMEP2

Towards microbial
electrochemical technologies for
metal recovery

Thése soutenue publiquement le « 29/03/2019 »,

devant le jury composé de :

Mme Isabelle BILLARD

Directrice de recherche, CNRS, LEPMI, Grenoble, France. Présidente.
M. Alain BERGEL

Directeur de recherche, CNRS, LGC, Toulouse, France. Rapporteur.

M. Maxime PONTIE

Professeur, Université d’Angers, GEIHP, Angers, France. Rapporteur.
Mme Xochitl DOMINGUEZ-BENETTON

Directrice de recherche, VITO, Mol, Belgique. Examinatrice.

M. Timothy VOGEL

Professeur, Université of Lyon, AMPERE-ECL, Lyon, France. Examinateur
M. Pierre-Xavier THIVEL

Maitre de conférences - HDR, UGA, LEPMI, Grenoble, France. Directeur
M. Gérard MERLIN

Professeur, Polytech-USMB, LEPMI, Chambéry, France. Co-directeur
Mme Nadine COMMENGES-BERNOLE

Maitre de conférences, Grenoble INP, LEPMI, Grenoble, France. Co-
encadrante.







J. Anaya | Microbial Electrochemical Technologies for metal recovery.



Acknowledgment

Three years of PhD only represents a stone in the building of knowledge, but not
even a single stone is built alone. This journey is just amazingly coming to an end
thanks to so many people. Goals require skills, motivation and a bit of luck. I got

all that from you.

I want to start with Yann Bultel, my teacher and master mentor who was at the
right moment at the right place to propose this adventure to me in the first place.
PX, my PhD supervisor, who bravely accepted to enter the Bioelectrochemistry
world to guide me. Thank you for putting your trust in me and for being flexible
with my caprices (e.g. exchanges, courses, trips). Gerard and Nadine, you patiently
co-mentored me no matter my divergent thoughts. I learnt a lot from your critical

spirit and thank you for keeping the calm in the tough moments.

To all the jury members I’'m very grateful for their participation. To Alain Bergel
and Maxime Pontie for accepting to review my work. To Xochitl Dominguez, you
are a terrific scientist but specially such as creative person. Tim, your simplicity
and goodwill encouraged me to overcome the initial adversities. Finally, to
Isabelle who nicely supported my scientific career and gave me some pitiless chess

lessons.

I would also like to express my gratitude to the LEPMI team. First, to all the
colleagues I shared my office with. Florence Degret, the open minded and
embodied feminist force. Lucien Duclos, the unpredictable. If your life has another
360° change, I hope you take Sophie with you this time. To Pierre Belleville, you
saved my back and made fun of it countless times. I owe you a lot and hope one
day I can return the favors. Matthieu Gras, worthy opponent at chess and pastis
tasting. Eris, the sociable who is friend with everyone including the police. A big
up to Jean-Pierre Magnin for the technical training and for the access to his
laboratory, aka the Ali Baba’s cave. Also, to Jonathan Deseure, for his constant

encouragement and wide expertise (especially when it comes to explosion risks).

J. Anaya | Microbial Electrochemical Technologies for metal recovery.



To Celine, for sharing with me the world of ionic liquids. To the technical and
administrative service, for your time and patience. And of course, to all the
previous and current colleagues for the parties, dinners, laser games, soccer games,
barbecues, board games and dancing demonstrations. Good luck to those who
bravely stay in the ring, specially to Francois, who must be dealing with his

manuscript right now. Hold the last strike!

Many thanks to my second family, all the amazing flat-mates I’ve had during my
thesis: Luis the most loyal buddy you can ever find; Axel the businessman that
handles everyone’s finances; the always smiley Angela and her good vibes; Solene
the positive soul who sets the mood; Brecht the musician and etiquette specialist;
Pacome the sportive man and Sophie the eco-friendliest. A special word to my
more recent collocs Maurine the designer and Martin the genius, who have fed me
with love and tasty food during this last tortuous writing period. Their artistic and
scientific touch were very motivating! To the KIC Innoenergy program, including
Isabel and Christine to give me the grant and the help; and to my comrades for the

great experiences all around Europe (Barcelona was the best).

This journey had a special moment in Belgium and I will need to split it into two:

Ghent and Boeretang.

Staring in Gent, I have to thank all the CMET laboratory and MeCat group. To
Nico Boon and Korneel Rabaey for hosting in me in the first place. Antonin, you
helped a lot here. To Jeet for carrying out this work together no matter the
challenges. To Suanny, la compaiiera, who shared this adventure unconditionally
since I arrived in the lab. You really are symbol of perseverance, discipline and
friendship. To Cristina, for sharing your Raman expertise with us. To all the
colleagues for the serious and not so serious discussions at koepuur, cinema nights

and clean-ups on Fridays at 9am.
Boeretang, the place in the middle of nowhere that outsiders are so scare of, was

actually full of amazing people. Thanks to Guillermo for guiding my research with

your very practical vision, to Vincent for sharing this lab experience and to all the

J. Anaya | Microbial Electrochemical Technologies for metal recovery.



colleagues I spent so many hours with either at nuclea, the lakes, the tennis courts,

and all the events at the 203 dorms.

James Nicolas, my first nephew, is born the same day I’'m submitting this
manuscript! If you ever read this because of the love of science or just for
curiosity, this day was very special for both of us. Last but not least, to God and
my family, my electrochemical and non-electrochemical reference. Pa, Ma, Diana,
gracias por estar ahi. My PhD life wouldn’t have been the same without you and

this work is as yours as mine.

J. Anaya | Microbial Electrochemical Technologies for metal recovery.



Table of content

ACKNOWLEDGMENT ...cuuiituiiitiiiiniiiiiiicieesieesieesieesrsesisessrsessrssssssssssssssssssssssssssssssssssssssssnsss 2
LIST OF FIGURES. ... s sssssssssssssssssssssssssssssssssssssssssssssssssssssssssses 7
LIST OF TABLES . ririiniininininnsniisisssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssns 11
LIST OF ABBREVIATIONS .utiiiiiiiiiiiiiiiiniiiiniiinnisissssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssns 12
INTRODUCTION aeutiiiiiirsrssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssss 1
l. CHAPTER | STATE OF THE ART .ittuiitiiiuicnienesseniemesssresnssssssssssssssssssssssssssssssssssssssssssssnes 4

INTRODUCTION TO METAL RECOVERY ...eettitiiiitiiiitiieeeiieaeeeeeeeteseeaessessesseessssssseesesssssnnnnnnne 5

1.1.1  An overview of the metal relevance in SOCIety..............cccooeeiiiiiiiiiiiiiii e 5

1.1.2  Challenges for a sustainable metal dependence.............c...cooooiiiiiiiieiiiiiiieeee 6

1.1.3  Towards a CirCUlar ECONOMY..........ooovuiiiiiii e 8

1.1.4  Metal recovery teChnolOgIeS........ccoovvveiiii e 10

BACTERIAL POTENTIAL IN METAL RECOVERY ...uuuiiuiiiieeessesessse s ensenes 13

1.2.1  Bacterial historical background ... 13

1.2.2  Strategies for metal reCOVEIY ........coooiiiiiiiiie e 15

1.2.3  The Bioelectrochemical SYStem.............oooiiiiiiiiiiiii e 18

1.3 SPECIFICATION OF THE STUDY ...etttttttttttttttueeeeeesseseessesssesssssssssssssssssssssssssssssssssssssssssssennes 26

II. CHAPTER II MICROBIAL ELECTROCHEMICAL RECOVERY OF GOLD AND
CHROMIUM .cuiiiiiiniiuiienieenieicienisesissssesssessssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssassssssssssasss 27

1.1 INTRODUGCTION ...ttt et ettt e e et et e e e et e e e e e et e aaeean e eaneaaaaaneeanesnaesnesnnesnaannns 28

IL1.1  General principle............ccooooeeiiiiii e 29

I1.1.2  Bacterial SIrains PreParation. .................ccoieeiuuiiie e et 30

1.2 GOLD RECOVERY «.ttiuitiiitettiii ettt e ettt e ettt e ettt e ettt e e et et e e eeati e et etb e eeeataaeeeaaanes 32

Y B o) 72 SO 32

I1.2.2  Microbial SyStem ASSESSTMENE .........cceuueeeiis et et ettt e e 33

I11.2.3  Microbial electrochemical SYStEM ............c.cc.viiiuiieiiiieiiieeiie et 42

TL2.4 TO SUM UP ..ot 50

I1.3 CHROMIUM RECOVERY ...uiiuiiiiiiiiinetieiiettnettaeteetiestastnestnsseeasnessnsssassnesenesnassnesnnesnassnns 52

TL3 1 COMECXL. ..o e e 52

I11.3.2  Microbial SyStem ASS@SSTMENE .........cceuueeeiis e et ettt e e e e 53

I1.3.3  Microbial electrochemical chromium assSeSSMENnt ................c..cccceeuieiueiiiiiieaiaain.s. 63

TL.3.4  TO SUML UP ..ottt e e e e e e e et e e b e e e eaaas 69

1.4 CONCLUSIONS & PERSPECTIVES ...cttuutetitinneetitineetiiineeettieeeeeiineeeeatieeeetnieeeaninaeeenennes 70

III. CHAPTER III METAL RECOVERY BY GDEX TECHNOLOGY AND HALOPHILIC
BIO-ANODES ....ouutiiiiiiissssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssss 72

J. Anaya | Microbial Electrochemical Technologies for metal recovery.



I11.1 INTRODUGCTION ... ettt e et e e et e e e et e e e e e eaeeaes 73

I11.2 METALS IN MARINE DEPOSITS ...uitiiniitiiiieiteiteiteteieeete et eeteeaetneaeaa et stestesneanerneaneaneanns 74
1121 COMEGXE ..o 74
11.2.2 Metal deposits in Marine eNVIFONMMENLS .............c..cevuueeeeeeiieeeeiiiee e 75
11.2.3 Technological ChAllenges................coouiiiiiiiii i 79

II1.3 BES/GDEX TECHNOLOGY ...coiiiiiiiiiiiiiiiiieiiiiiiiiiiien e ce e eiiiieae e sinaeees 82
11.3.1 General Principle ...........cooooooiiii i 82
11.3.2 Microbial electrochemical SEt-UP .............c..ocuiiiiiiiiiiiiiiiiii e 85
111.3.3 Halophilic bioanodes StArt-up ................ccoooeuuuiiiiiiiiiiiiiiiie e 86
111.3.4 Bioanode electrochemical characterization .......................cccccccvvveeiiiiiiiieennnnnn.. 88
111.3.5 GDE Characterization ..............c.cccuuiiiiiiiiis it 95

II1.4  COUPLING BIOANODE AND GDE FOR METAL RECOVERY ......cccciiiiiiiiiiiiiiiiiiiiiiiieeeeeens 99
11.4.1 EXDEriment@l...........cccccoouiiiiiiiiiiii i 99
111.4.2 MEC OAE ... 100
111.4.3 MEC HOAE ... 104
111.4.4 BES/GDE comparison between MFC and MEC ...............c..ccoociiiiiiiiiiiaiiiie, 107
11.4.5 SUPI-UD .o 110

III.5  CONCLUSIONS & PERSPECTIVES ....uuuiiiiiiiiiiiiiiiiiii s 111

IV. CHAPTER IV IONIC LIQUID CATHOLYTE FOR NEODYMIUM RECOVERY ..........

IV.1 INTRODUCTION ...uutiiiiiiiiiniiiiiiiitiiiiis s 116

IV.2  SECONDARY MINING OF NEODYMIUM ....uuuiiiiiiiiiiiiiiiiiiiiiiiii s 117
.21 COMEOXT ..o 117
.22 lonic liquids: solvents of the fUuture? ...............cccooevuiiieiiiiiiiiiiiie e 120

IV.3  ND RECOVERY WITH BES/RTIL SYSTEM ....uuuuiiieiiiiiiiiiiiineeeeeiiiiiiiiieeeeeeeeeeiiiiaeeeeeeees 124
V3.1 General Principle ...........c..oooiiiii i 124
17r.3.2 Preliminary eXperiments .........c..c.vieuuiee e 127

IV.4 TECHNOLOGY VALIDATION ....uuutiiiiiiiiiiniiiiiiiiiiiin s 132
1v.4.1 Biofilm growth in a two-compartments SYStem ................ccoeeeuuieeeeeurireeeiiienenin, 132
V4.2 Electrochemical behavior of the IL in a two-compartments system.................. 135
V4.3 Neodymium electrodeposition aSSESSMENT ................ceeeieeiiieeeiiieaiiiiieeeeiee, 139
1V.4.4 TO SUML UD oo e 145

V.5 CONCLUSIONS & PERSPECTIVES ....utiiiiinetiiiinetiiiin ettt eeeteiineeeraiieeeatineeeennaneeeeananns 147

V. CONCLUSION AND PERSPECTIVES....cciuuiiiiiiiiiittuiiiceniieennneeicssseeessaseessesssecsssssens
| IR 28 O 20 D0 2 0000 N
720 B N\ 0@ S

J. Anaya | M

icrobial Electrochemical Technologies for metal recovery.



List of Figures

Figure 1.1. Metals across energy-related technologies during the last 300 years®. ............cc...couo... 5
Figure 1.2. Ore grades evolution within time. Taken from Mudd® and adapted by Ohrlund®............ 6
Figure 1.3. Relationship between the embodied energy and its commodity price reported in 20092. 7
Figure 1.4. Circular economy defined by KIC RawMaterials®®. ..............ccoovviiiiiiiiiiiicie e 9
Figure 1.5. Metal FECOVEIY PrOCESSES. .. .coiiieiiiie et e et e e e e e e e e e e e 11
Figure 1.6. Chemotrophs metabolism classification................cccciiiiiii e 13

Figure 1.7. Bacteria-metal interactions applied for metal recovery (adapted from Nancharaiah et

Figure 1.8. Reduction of Pd?* and PANP biosynthesis assisted by an e” donor “8. ........................ 16
Figure 1.9. Extracellular electron transfer paths between electroactive bacteria and electrodes °3.17
Figure 1.10. Schema of microbial electrochemical systems (adapted from Belleville et al.®%). ..... 18
Figure 1.11. Schema of redox potentials in @ MFC. .........o.oiiiiiiiiiiiii e 22
Figure 1.12. Schema of redox potentials iIN @ MEC. ...........cccoiiiiiiiiiiiiii e 23
Figure II.1. Principle of metallic nanoparticles synthesis by coupling: (A) a cathodic environment
and (B) bio-recovery mediated by electron donors (e.g. Hz, cathode). ..........oeveiiiiieiiiiiinneiiin. 29
Figure I1.2. Bacterial cells stock (ODe¢10=7) of S. Oneidensis MR1 and C. metallidurans CH34. .30
Figure I1.3. Reactors at the beginning and at the end of the experiment. ..............co.coeveieiiiinnnn... 35
Figure I1.4. TEM analysis and NP size distribution (nm) for the 8 reactors. ROc and ROs represent

bacterial controls without metals for CH34 (grey) and MR-1 (yellow), respectively.................... 36
Figure IL.5. DOE results in terms of gold removal efficiency (1) and average (NP). ................... 37
Figure I1.6. Effect of each factor on # and AuNP. Values are normalized by the most significant

effect. Significant effects lie out of the margin error............coooeiiiiiiiiiiii e 38
Figure I1.7. Factorial plots of relevant factors A: # and B: AuNPs close to 50 nm. ..................... 40

Figure I1.8. Comparison between initially viable (VC) and heat-killed cells (NVC): A: Gold
removal efficiency (7a.) within time. VF values represent the percentage of remaining viable cells
compared with the initial inoculated cells; B: removal capacity (g).......ccoeeevvneeiiieeiiieeiiieeiieeninnns 41
Figure I1.9. Schema of the three recirculating reactors Set UP. ........cccevvuumuiinreeeiriiiiiiiinneeeeeeeninenns 43
Figure I1.10. One-way CV in absence of bacteria, pH=5. I, II and III represent cathodic reaction
T@EIOTIS. ..ttt e ettt e e e ettt e e e ettt ettt e e oo e et ettt e e e e e ettt et e e e ettt ettt e e e et e ettt es 44
Figure I1.11. Pourbaix diagram of AuCls™ system!>!...........coiiiiiiiiiiiiii e 44
Figure I1.12. Chrono-amperometry results in abiotic and biotic (BES) conditions with cathode
potential fixed at -0.3 V vs. SHE. A: nau, Qs and cumulated H; production. B. Graphite
electrodes after the chrono-amperometry tests performed for metal recovery. ........ccooevvvvviieennnnn. 46
Figure I11.13. A. TEM of S. oneidensis MR-1 after 72 h; B. AuNPs size distribution in counts. ....48
Figure I1.14. Electrodynamic analysis of catholyte at initial conditions: 0.2 mM Au?* in 0.9% NaCl
atpH =5, 28 °C. (A.) CVs before the potentiostatic test (to) on the graphite electrode. I, II and II1

represent cathodic reaction regions; (B.) CVs after the potentiostatic test (72 h of

J. Anaya | Microbial Electrochemical Technologies for metal recovery.



chronoamperometry at -0.3 V vs. SHE) on the resulting graphite electrode; Linearity of current
peaks (j) with the square root of the scan rate (V%) at to (C) ;and at 72 h (D).....ccovvvieivenneeeennne. 49
Figure I1.15. TEM results for each of the reactors. ROc and ROs represent bacterial controls
without metals for CH34 (white) and MR-1 (yellow), respectively........ceeeeviiiineeiiiineeiiiieeeeneenn. 55
Figure 11.16. A: Total Cr removed from the aqueous solution; B: Relative abundance of Cr
elements in 1eactors at 96 N. ....ooooiiiiiiiiiiiiii e 56
Figure I1.17. Effect of each factor for response variable nc,. Values are normalized by the most
significant effect, in this case is the pH. ... e 57
Figure I1.18. A: chromium removal efficiency evolution; B: Cr(VI) removal yield; C: cells
integrity; D: e- donor consumption at 96 h. Conditions: 15 mg L' Cr, microaerophilic, pH 7, Ha»
presence and ODg10=0.65. T1 and T2 represent replicates and media the average tendency, C1 the
heat-killed cells control and C2 the abiotic CONIOL. ........ccciiiiiiiiiiiiiiiiiiiiiiie e 60
Figure I1.19. Based on R5 conditions, Raman spectra for: (a) initially viable S. oneidensis MR1 in
presence of chromium, (b) duplicate, (c) control with initially heat-killed cells in presence of
chromium. (d) control with S. oneidensis MR1 in absence of Cr. & = Cr(III), ® = Cytochrome — c,
B = Cr(VI), @ = lYCINe. ...oooueieiiie e 62
Figure I1.20. CV on stainless steel cathode in absence of bacteria. Catholyte: 15 mg L Cr in M9
medium, pH 7, 28° C, recirculation 2.5 L h™!. Anolyte: 0.15 N Na2SOu....cceeevuvvvviiiieeeiiiiiiieeeeeenn. 64
Figure I1.21. Pourbaix diagram for a chromium-water system at 25°C in presence of chloride
OIS L ettt e e et e e e eaba e e e e eanes 65
Figure I11.22. Chronoamperometry results: ncr, ncvi) and consumed energy over time. OCV: non-

polarized cathode; abiotic and BES: polarized cathode at -0.8 V vs. SHE. OCV and BES tests were

inoculated with S. Oneidensis MR1, ODg10nm = 1.3 coniiniiniiiei e 67
Figure 11.23. TEM of S. oneidensis MR-1 after 24 h of operation in BES................c...... 68
Figure I11.1. Main mineral marine deposits found so far around the world'®. ............................ 74
Figure I111.2. Hydrothermal generation of sulfide-based deposits'®. ............ccc.ccooviiiiiiiiicen 76
Figure I11.3. Hydrogenetic formation of Fe-Mn crusts!®. ...............ccoooiiiiiiiii e 77

Figure II1.4. Picture of Fe-Mn nodules and REY muds in the Pacific Ocean at 5458 m under the

Ter: B (oo B o) (ST 11T PPN 78
Figure I11.5. Metal mining process from polymetallic nodules and REY -rich muds?®................ 80
Figure I11.6. BES/GDEx technology for metal reCOVerY......cc.ovviiiiiiiiiiiiieiiiieeiiiee e 82
Figure ITL.7. BES/GDE SEt-UP. «..uttiiiiiiiiiii et e e e e e 85

Figure II1.8. Current density evolution and anolyte pH behavior during bioanode growth. Bioanode
was poised at 0.43 V s, SHE. ...ttt e 87
Figure II1.9. Electrochemical analysis at limiting conditions (LC) and non-limiting conditions
(NLC) conditions at pH anolyte: 7.5. CV (solid lines) were performed at 1 mV.s™!.
Chronoamperometry values (dashed lines) are taken at 15 minutes of stabilization. ..................... 90
Figure II1.10. PEIS results. pH anolyte: 7.5, pHeatholyte: 3. Stabilization time: 10min. Amplitude: 10
mV. Values normalized with Rohmt Rpoi. A: From -0.2 to 0.6 V vs. SHE in limiting conditions (LC);

J. Anaya | Microbial Electrochemical Technologies for metal recovery.



B: From -0.2 to 0.6 V vs. SHE in non-limiting conditions (NLC). C: comparison at 0.4 V vs. SHE.

............................................................................................................................................... 91
Figure II1.11. Resistance from PEIS at different fixed bioanode potentials. ..............ceeieeiiennnnn. 94
Figure I11.12. CV results on the cathode at 10 mVs™'. pH catholyte= 3. .............cccooeviiiinnnnnen.n. 95
Figure II1.13. MEC mode in absence of metals. A: Electrodes potential after 10 min applying a

fixed current; B: Cell voltage vs. applied current. pH anolyte: 7.5, PH catholyte: 3+ cevervvvmmmunnreeieernnnnnnn 96

Figure II1.14. Characterization in MFC mode: A. Polarization curve after 10 min at fixed
resistances; B. Electrodes potential after 10 min applying a fixed resistance (MFC mode). pH anolyte:
7.5, PH Catholyte: 3. eeeeeeneeitiiitiiiiiie s 98
Figure I11.15. BES technology control in absence of metals and MEC mode: A. pH evolution of
catholyte (pHcam) and anolyte (pHan) within time; B. Current density and electrode potential
DERAVIOT. 1o 100
Figure I11.16. Metal recovery in MEC mode: A. pH evolution within time; B. Current density and
electrode potential BehaVIOT. ... ..coouuiiiiii e 103
Figure II1.17. BES control in absence of metals and in MFC mode: A. pH evolution within time;

B. Current density and electrode potential behavior. C.1, C.2, C.3 and C.4 represent the catholyte

cycles fTom PH 3 10 1L, oo e 104
Figure I11.18. Metal recovery in MFC mode: A. pH evolution within time; B. Current density and

I (T8 (o Lo (e oo 1 7311 F- Y PP 106
Figure IV.1. Panorama in 2014 of REE applications®*. ..............coiviiiiiiiiee e 117
Figure IV.2. Simplified schema of metal electrodeposition?!®. ..............ooeiiiiiiiiiiiiiiiicee, 118

Figure IV.3. Pourbaix diagram of Nd ions in an aqueous system, where a and b dotted lines
represent the electrochemical window of water!3!. ... 119
Figure IV.4. Chemical structure of [CiCaPyr T TN e 121
Figure IV.5. CV at 50 mV s and 25°C on [C;C4Pyr]'[Tf2N]" with a gold working electrode. A:
Water content influence (in ppm) in an argon headspace; B: O, bubbling influence, I: oxygen
reduction, II: electrolyte reduction. Results extracted from Bonnaud et a/, 2017.2'%. ................ 122
Figure IV.6. Microbial Electrochemical System for Nd electrodeposition with an IL catholyte. 124
Figure IV.7. Bipolar membrane SChema. ............oouiiiiiiiiieiiiii e 125
Figure IV.8. Single chamber configuration for Geobacter sulfurreducens growth: A schema; B:
PICTUTE OF SET TP . ittt eeiiiiiiie ettt ettt e e e e ettt e e e e e e eeeaaaia e es 128
Figure IV.9. Geobacter sulfurreducens growth in the electrolyte: A. Anolyte OD  (A) and pH
measurements (V). B: Current density and cathode potential behavior. Chronoamperometry at 0.2
V vs. SHE started at 80 h from the inoculation. .............oooiiiiiiiiiii e 129
Figure IV.10. CV in a single chamber on a graphite electrode: Abiotic anode (C1) and developed
bioanode in initially abiotic culture medium. CE: Platinum wire. Scan rate: 1 mV s-!, T: 30°C..130
Figure IV.11. Two compartments set up. A: cell set-up; B: Picture of closed circuit for biofilm
growth and internal section of bioelectrochemical reactor, bioanode side. ............cceevvivnnenennnn.. 132
Figure IV.12. A: cell potential evolution. B: Current and power evolution of a two compartments

BES with a Uce1 = 0.5 V at 30°C. ..o 134

J. Anaya | Microbial Electrochemical Technologies for metal recovery.



Figure IV.13. Nd electrodeposition set up with two sacrificial oxidizing agents in the anolyte: A.
Potassium ferrocyanide. B: acetate in bacterial culture medium. .................ooiiiiiiiiii . 135
Figure IV.14. CVs on the abiotic system in batch at 30 °C and catholyte: [C1C4Pyr]'[TfN] . A:
Anolyte: 100 mM potassium ferrocyanide, at 1 mV s°'. B: Anolyte: culture medium (CM), at 10
mV s-'. WE: graphite working electrode, CE: graphite counter electrode. E* corrected with ohmic
TESISTATICES . ...ttt ettt ettt e ettt e e e e et ettt e e e e e et ettt e e e e e et ettt e e e e e et ettt e e eeeeees 136
Figure IV.15. LSV on the two IL/BES system at 10 mV s’!. Catholyte: [C1C4Pyr]'[TfzN],
anolyte: culture medium (CM). WE: graphite working electrode, CE: graphite counter bioelectrode
previously established. E* corrected with ohmic resistances. ............oooeeuiiiiiiiiiiiiiiiniiiieeee, 138
Figure IV.16. Electrodeposition electrochemical assessment on a two compartments system.
Catholyte: [C1C4Pyr]*[TfaN] +50 mM Nd**, anolyte: culture medium with 20 mM acetate, with
an abiotic anode. E* corrected with Ronm: 52.9 Q2. ooiiiiiiiiiiiiiii e 140
Figure IV.17. Graphite cathode characterization post electrodeposition tests, anolyte: culture
medium, anode: abiotic graphite. a. SEM images magnification x500; b. EDX spectra on two
deposit points. Symbols correspond to characteristic peaks of elements (@ : Nd, &: S,‘ :F,*:0,
L L ) T 141
Figure IV.18. Electrodeposition assessment on a two compartments system. Catholyte:
[C1C4Pyr]*[Tf2N]"+50 mM Nd**, anolyte: culture medium with 20 mM acetate, with a bioanode.
E* corrected With Romm = 60 Q. ceiiiiiiiiiiiiiiiiiiii e 143
Figure IV.19. Graphite cathode characterization post electrodeposition tests, anolyte: culture
medium, bioanode on graphite. a. SEM images magnification x500; b. EDX spectra on two
deposit points. Symbols correspond to characteristic peaks of elements (@ : Nd, &: S,‘ :F, *:0,
L O TSP PP OO PP PP PP PP URPPP 143

J. Anaya | Microbial Electrochemical Technologies for metal recovery.



List of Tables

Table I.1. Metal NPs biosynthesis mediated by bacteria. ............oueeeeiiiiiiieiiiiineeiiiie e 15
Table 1.2. Electron donors used for bioanodes (taken from Xie et al. 2015%). ..........ccceennenni.n. 23
Table 1.3. Metals recovered by BES systems (inspired from Nancharaiah et al.%"). ..................... 24
Table II.1. Bacterial dimensions and denSity. ........viiiiiiiiiiiiiiiiie e 31
Table IL.2. Orthogonal experimental design matrix applied for 27* DOE .............ccoevvvieiienneennn. 33
Table I1.3. Mass of inoculated CellS ........uuiiiiiiiiiiiiiiiiii e 34

Table I1.4. Main effects for maximizing n and target 50 nm AuNP with 95% confidence interval.

............................................................................................................................................... 39
Table IL.5. Bioelectrochemical configuration tests at 24 h...........ccoeeiiiiiiiiiiiiineeiiiee e, 47
Table II.6. DO and Randles-Sevcik linearity calculated in abiotic conditions.............ccccceeeeeunnn... 50
Table I1.6. Orthogonal experimental design matrix applied for 27* DOE .......cc...ccooevvvieeiinneenn. 53
Table I1.7. Average headspace conditions at the beginning of the experiments........................... 54
Table I1.9. Main effects for maximizing nc.. Results are given in absolute values. ..................... 58

Table I1.10. pH, conductivity (o), H2 or lactate evolution from the DOE. NaN were not measured
VALUES. oo 58

Table I1.11. Simplified list of redox reactions linked to Cr(VI) reduction from HCrO4 and CrO4*

ANTONS L e et e et e e e earae e 65
Table I1.12. Bioelectrochemical configuration tests. ............eeeiiiiiieeiiiiineeiiiiie e e e e 66
Table I11.1. Metal deposits in the ocean (values taken from Anhert et al.’®®)...........cc...oceeii. 75

Table II1.2. Comparison between experimental data and Kramers-Kronig values in NLC
conditions. Frequency range: 10 kHz to 0.01 Hz. ......coiiiiiiiiiii e 93
Table II1.3. Comparison between experimental data and Kramers-Kronig values in LC and NLC
conditions. Frequency range: 4 KHz t0 0.5 £ 0.3 HZ.......oooiiiiiiiiiiiiiiiec e 93

Table I11.4. Synthetic leached metal aqueous matrix composition from marine environments. ....99

Table IIL.5. Parameters related to MEC performance in absence of metals. ...............cccoeeeeeennn. 102
Table I11.6. Parameters related to MFC performance in absence of metals. ..........cc..ccevunennnnnn.. 105
Table II1.7. Performance of BES/GDE technology for metal recovery. ........c..ccovevvneiiineennnnnnnn. 108
Table II1.8. Metal removal assessment of the BES/GDE technology ..........cccoevvvvviiiiiineiinnnn. 108

Table IV.1. Viscosity (1), density (p), conductivity (k), and electrochemical windows (EW) at
about 293 K for some aprotic IL solvents. Values taken from Barrosse-Antle et al., 201024, ....121
Table IV.2. Elemental analysis of the electrodeposited deposits from a IL/abiotic culture medium
system, obtained at different points previously identified. ............ccoeeiiiiiiiiiiiiii 142
Table I'V.3. Elemental analysis of the electrodeposited deposits from an IL/BES system, obtained
at different points previously identified. .........coooiiiiiiiiiiiiiiii e 144

Table IV.4. Energetic balance of biotic and biotic systems at Sh of the chronoamperometry test.

J. Anaya | Microbial Electrochemical Technologies for metal recovery.



List of Abbreviations

BES: Bioelectrochemical system

NP: nanoparticles

REE: Rare earth element

TM: Transition metals

GDEXx: Gas Diffusion Electro-crystallization
IL: lonic liquid

WE: working electrode

RE: reference electrode

CE: counter electrode

SHE: Standard hydrogen electrode
ICP-OES: Inductively coupled plasma-optical emission spectroscopy
SEM: Scanning electron microscopy

EDS: Energy dispersive X-ray spectroscopy
XRD: X-ray diffraction

J. Anaya | Microbial Electrochemical Technologies for metal recovery.



1 | Introduction

Introduction

To avoid a limit global earth warming to 1.5°C, sustainable processes and low-
carbon emission technologies are targeted as priority. The European Commission
has adopted an action plan towards a circular economy, where resources are
sustainably used, and metals are a core of this strategy. The mining industry
processes need to enhance metal provisioning while reducing their environmental

impact. Several challenges can be highlighted from this:

. High metal recovery efficiency
. Minimize the environmental burdens and public health impact
. Maximize metal recycling rate

Metals are a limited resource and their abundance depends on their nature.
Elements with lower atomic number are normally more present on the Earth’s
continental crust. Mineral ores generally containing a major metal (e.g. Cu, Ni, Pb,
Zn, Cr) are carriers of other metals at minor concentration (e.g. Au, Co, Ag, Cd).
Mining from natural resources, also called primary mining, focuses on the major
metal production which is more economically profitable. Due to their low
concentration, minor metals often require more natural resources (ore, energy and
water) and a higher environmental impact. In some cases, minor metals are
considered as impurities that drive up production costs of major metal mining!.
Furthermore, end of life (EoL) products recycling, also called secondary mining, is

becoming an important source of minor metals.

A major minor metal mining’s bottleneck, from primary and secondary sources, is
the embodied energy. It is the energy required to extract and treat a material from
its raw form per unit mass of material produced. In natural sources, carrier
elements will normally have up to an order of 102 MJ kg™*, whereas minor metals

may require embodied energies up to 10° MJ kg .2
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Renewable energies and new generation batteries are claimed to replace polluting
fossil fuels responsible of climate change. However, these “green” technologies
are paradoxically constrained to non-renewable energy demanding resources. For
instance, electronic components used in these new devices utilize minor metals at
low concentration. When these devices reach their life-time, metals recovery is
often very low due to the complex and variated matrices (e.g. alloys, polymers,

organic solvents, among others).

To face the emerging metal dependence challenges, numerous promising solutions
are under investigation including: to extend the products life-time and reuse time,
to replace harmful elements and to develop more efficient and sustainable
technologies to recover metals from ores and EoL products. The latter solution will
be considered in this work. Three sustainable metal recovery technologies based on
microbial electrochemical systems are explored in this work. The guideline of this
project will be the following: Chapter I will present a compilation of the state of
the art; Chapter Il will introduce a concept of biosynthesis of metallic
nanoparticles as added-value products, which is based on metal-reducing bacteria
stimulated by a polarized cathode; Chapter 111 will focus on metal precipitation
from marine environments via interactions between an halophilic bioanode and a
gas diffusion cathode; and Chapter IV will explore the feasibility and challenges
of coupling lonic Liquids for REE electrodeposition with a sacrificial oxidation

catalyzed by a bioanode.

This work has been supported by the academic laboratory LEPMI from Grenoble
Alpes University, France and collaborations with:

-EIT KIC InnoEnergy (Knowledge & Innovation Community), Europe

-CMET (Center for Microbial Ecology and Technology), Ghent University,
Belgium

-VITO (Flemish Institute for Technological Research), Belgium.
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CHAPTER |

State of the Art

The Hall of Bulls. One of the prehistoric paintings discovered in Lascaux cave, France. Picture taken by
the Daily Herald.
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1.1 Introduction to Metal Recovery

1.1.1 Anoverview of the metal relevance in society

Metals have been remarkably related to human evolution across the history. The
Hall of Bulls, one of the first prehistoric paintings made by the human around
17000 years ago, was colored with pigments made of: manganese dioxide (black),
iron oxides and hydroxides (black, red, yellow), silicates (yellow) and calcium
carbonate (white). From the Iron Age, known for the ferrous based tools and
weaponry, to the Bronze Age, where copper-arsenic alloys increased materials
hardness and durability, metals have disrupted periods of human civilization.
Thanks to the industrial revolution, many sectors including the energy field have
considerably enlarged and diversified the metals panel of application over the last
300 years (Figure 1.1). During the 18" century, the energy demand was supplied
by mills made of stone, wood and iron. From the end of that century to the next
one, the First Industrial Revolution represented by the steam engine enabled to
elaborate more sophisticated machines with copper boilers, lead pipes, chromium-
manganese materials (steel) and tungsten light bulbs. The internal combustion
engine invention in the 20" century introduced the catalytical properties of
platinum and molybdenum and improved the steel and alloys properties by
combining more metals. Today, nuclear energy uses uranium as fuel; photovoltaic
panels are based on silicon, cadmium, gallium, germanium and tellurium; and wind

turbines use neodymium and dysprosium among other rare earth elements (REE)?3.

1700 1800 1900 2000

Figure 1.1. Metals across energy-related technologies during the last 300 years®.
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The renewable energies emergence described as the “Third Industrial Revolution”
by the economist Jeremy Rifkin, in addition to the human population growth, has a
consequent metal dependence accompanied by a metal scarcity risk*. Metals are
geologically limited and have been depleted from natural resources at such a high
rate that estimations describe the supply of certain metals as potentially critical.
Therefore, a better management of our resources including sustainable metal

extraction must be upgraded. To do so, some challenges must be highlighted.

1.1.2 Challenges for a sustainable metal dependence

A sustainable metals dependence englobes scarcity, economic, geopolitics,

technological and environmental challenges:

Scarcity

Metal concentration in natural minerals deposits, also called ore grade, is being
depleted. Professor Mudd® from RMIT University in Australia reported in 2007
how ore grades are declining at a critical rate (Figure 1.2). The general trend

shows that ore grades have dropped more than 4 times over the last 100 years.
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Figure 1.2. Ore grades evolution within time. Taken from Mudd® and adapted by
Ohrlund®.
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Despite the ore grade depletion, metals demand keeps growing. The hidden face of
the energy transition is described by the French journalist Guillaume Pitron in his
recent book “La Guerre des métaux rares”’. He emphasizes the alarming raw
materials supply risk generated by the REE dependence, which will need to double
the extraction rate every 15 years to support the emerging energetic model. An
optimized model should consider lowering the amounts of metals employed on our
devices. Substituting bulk metals by metallic nanoparticles is among the

alternatives.

Economic
Metal price variations are not significantly correlated to the ore grades evolution
since 19008. Instead, a linear correlation is exhibited between the final metal price

and the energy requirements to produce it (Figure 1.3)2.
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Figure 1.3. Relationship between the embodied energy and its commodity price
reported in 20092

As consequence, metals such as gold (Au) are at least 10 times more expensive
than silver (Ag), despite their similar abundance in the lithosphere. From an
economic point of view, it is convenient to treat expensive with lower energy
inputs. Nevertheless, international policies on metal prices that considers the

conservation of geologically scarce minerals should be formulated.
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Environmental

In 2015, Professor Graedel® and his team from Yale University, mapped the
criticality of 62 metals based on their geological abundance, the current
technologies performance to extract them and their economic importance. A major
finding was that metals with low supply risk could still be unsustainable in terms
of environmental implications and vulnerability to supply restrictions. Likewise,
an extensive life cycle analysis published by Nuss and Eckleman® reveal
environmental issues related to sustainable mining. They present metals criticality
from a perspective of energy consumption, global warming potential, human and
ecosystems implications. As a matter of example, gold is not scarce but it is one of
the most impacting extraction processes in terms of CO2 emissions (12.5 T COz-eq
kg Au), cumulative energy required (208 GJ kg Au), freshwater eutrophication
(230 kg P-eq kg Au) and human toxicity (0.39 CTUh kgt Au)!. A sustainable
metal use must reduce the high environmental burdens of mining from both

primary and secondary sources.

Geopolitics

Metals natural sources are localized in different countries, leading to a geopolitics
dependence and sometimes to monopolies. To look for a metal sourcing
independency, the EU commission launched in 2008 the European Raw Materials
Initiative to secure Europe’s access to strategic raw materials from both primary
and secondary resources!!. This initiative has facilitated a partnership between
some actors from the industrial sector and stakeholders to develop a more
sustainable mining industry, increasing the process efficiency and reducing waste.
Besides, sustainable development policies have been stablished to limit the energy
and emissions required for mining. Finally, the project goes beyond sustainable
metal supply by covering a social, economic and environmental scope. Indicators
such as employment turnover, biodiversity conservation and integration into a

circular economy are hence also considered.

1.1.3 Towards a circular economy

One of the principles of the sustainable metal supply relies on the circular
economy. The concept is based on three rules: reuse, substitute and recycle. To
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develop it, certain conditions need to be met: the process must be focused on
developing high quality products to find its reintegration into the market; and the
revenues must exceed recycling chain costs (e.g. collection, transportation,
storage, treatment)'2. The EU action plan “Closing the loop” aims to maintain the
value of products, materials and resources in the economy for as long as possible,
minimizing the waste at each step of the chain value (Figure 1.4).

NO
..,’_&?I."
RAW MATERIALS

X

USE, REUSE

Figure 1.4. Circular economy defined by KIC RawMaterials®3.

The development of proper metal waste recycling processes, also called secondary
mining, is a key activity to reach this purpose. In 2018, the European Budget for
research on strategic critical metals made the highest investment on secondary
mining with 111 M €, which represents 29% of the total investment over the
overall chain value!*. LEPMI' and CMET? are committed with this goal and have
participated in research projects to develop new metal recovery. KIC InnoEnergy
and KIC RawMaterials programs also participate by framing research into the

materialization of innovation projects with an entrepreneurial perspective.

! RECYPAC: Pt recovery from fuel cells, BATRe ARES: Battery Recycling: Achieving Rare Earth
Separation.
2 METGROW-+: Metal Recovery from Low Grade Ores and Wastes Plus, GetAMET: Groundbreaking

Extraction technology for critical Metals and Metalloids from industrial wastewater.
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Secondary mining has a tremendous economic potential since geological resources
are massively shifting towards anthropogenic “deposits”®. Metal concentration in
electronic waste (e-waste) could be 60 times more concentrated than in mineral
ores’®. However, a major bottleneck of metal recycling is the complexity of “raw
materials”. Secondary resources are very diverse in terms of composition and
concentration. Common policies across Europe have tried to classify E-waste into
different categories to facilitate recycling standardization. A special treatment to
metal resources such as landfills, hazardous, industrial and domestic waste streams
also require well-defined policies. In all cases, to go towards a circular economy,
the core of a sustainable metal exploitation is the metal recovery technology.

1.1.4 Metal recovery technologies

Metal mining is rarely a single step process. A common pretreatment consists in a
mechanical process where most of the components mixed with metals are
discarded. Subsequently, metals are concentrated by either hydrometallurgical or
pyrometallurgical processes. Within the hydrometallurgical treatment, metals are
firstly solubilized (e.g. acid leaching, bioleaching) and then selective extracted
from the parental metal matrix. This extraction also called recovery is considered
as one of the most energy and chemical intensive steps of metal mining'.
Transition metals with high economic importance such as chromium may need up
to 95% of the cumulative energy demand only for this step®. Several techniques

have been therefore studied to tackle this problem (Figure 1.5).
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Figure 1.5. Metal recovery processes.

Physical techniques such as membrane filtration pressure metal-containing
solutions over a porous membrane to physically retain metals while water passes
through. Membranes can play with the pore size and modify their structure with
chemical sorbents (e.g. polyglutamic acid, poly-cysteine) to favorize a selective
retention of certain metals. Depending on the nature of the membrane, metals can
also be transferred from one solution to another through by applying an electric
field (e.g. electrodialysis). lon-exchange membranes facilitate the passage of salt
ions from a diluted feed solution to a concentrated stream. Low molecular weight
ions transfer is favorized over the higher and less mobile ions. Electrodeposition
also applies an electric potential difference between two electrodes. In this case,
metals migrate to the cathode and precipitate as layers on the electrode surface.
Membrane technologies may have a low footprint but are constraint to high

operational costs related to the energy consumption and membrane fouling®®.

Adsorbents can also physically retain metals and has been reported as very
efficient in heavy metals removal from wastewater!’. Adsorbents range from
expensive activated carbon to low cost alternatives such as agricultural waste and

fly ashes. A major bottleneck of adsorption is nevertheless their low selectivity.
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Among the chemical techniques, precipitation is the most widely used because of
its simplicity and low cost despite the large amounts of chemicals required.
Hydroxide, sulphide and chelation precipitation are the most common methods?.
Solvent extraction selective dissolve/dilute a metal-rich extractant in a volatile
organic solvent (VOS). Some of the most common VOS are acetone, formaldehyde
and benzene, dangerous chemicals to human health and to environment. Therefore,
enormous improvements have recently shown the potential of less harmful acidic

aqueous biphasic systems to replace them?*8,

Finally, biologic-based techniques harness microorganisms, enzymes and living
plants properties to retain metals. They are considered cost-effective and
environmentally friendly techniques for heavy metals
bioremediation/phytoremediation’®. Here, we studied microbial-based techniques
to explore possibilities of effective, low energy and chemical demanding metal

recovery processes.
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1.2 Bacterial potential in metal recovery

1.2.1 Bacterial historical background

Bacteria constitute a part of the prokaryote microorganisms. They obtain energy
either from chemical compounds or light. This work focuses on those who harness
electrons as energy source from oxidizing chemical compounds, also called
chemotrophs. Figure 1.6 classifies them depending on their carbon source, energy
source (e- donor) and respiration pathway (final electron acceptor). Bacteria
growth and survival is constraint to the presence and type of e- donors and

acceptors in their environment, where metals play an essential role.

Chemotrophs

Carbon source

Organic compounds | CO,
Chemoheterotrophs Chemoautotrophs

e- donor Final e- acceptor e- donor
Organic compounds: | | Inorganic compounds:
*  Acetate 0 Organic/inorganic | * Nitrogen-based
*  Glucose : compounds *  Sulfur- based
+ Lactate | | + Iron-based
* Pyruvate A . . e H,

erobic

*  Others B *  Others

Figure 1.6. Chemotrophs metabolism classification.

Microorganisms in general interact with a broad range of metals, metalloids and
radionuclides. They are responsible of the formation of a variety of minerals, both
inside and outside the cell?®. Significant scientific advances about the bacterial
contribution on these mineralization processes were described in the 1970s by
Beveridge and Murray?!?2, The microbiology presence in minerals and their ability
to adapt to extreme conditions has also been reported?®. These interactions affect
the metal physiochemistry and have inspired the development of bio-technologies

to either solubilize or immobilize metals (Figure 1.7).
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Figure 1.7. Bacteria-metal interactions applied for metal recovery (adapted from
Nancharaiah et al.?°).
Bacterial metal mobilization, also called bioleaching, is mainly based on three
principles: (i) the excretion of metal complexing agents such as siderophores,
oxalate, malonate, citrate and succinate by heterotrophic bacteria®*2®; (ii) the
production of inorganic or organic acids by chemotroph species, also called
acidolysis, which will chemically leach the solid metals?®; and (iii) direct
dissimilatory metal reduction, where microorganisms use inorganic (e.g. Sz and
H>) or organic (glucose, lactate) compounds as electron donors and metals as
electron acceptors, creating electrochemical gradients that provide energy for their

metabolism?7:28,

Metal immobilization can be a passive and/or an active bacterial mechanism.
Microbial cell walls, outer layers, and extracellular polymeric substances (EPS)
can for instance sorb, bind or entrap many soluble and insoluble metal species as
well as other elements (e.g. minerals, oxides, colloids) with sorption properties?®.
From the other hand, bacteria can also insolubilize metals by direct bio-reduction
(dissimilatory metal reduction) or by indirect intermediates (bio-precipitation).

Some bacteria have developed resistance mechanisms for toxic metals including
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extracellular sequestration, transport followed by an accumulation inside the cells,
and/or chelation processes®®. These mechanisms of metal immobilization were
widely used for in situ bioremediation in the 1980s%:32, More recently,
microorganisms-metal interactions have extended to other applications such as

metal recovery and nanoparticles synthesis3233,

1.2.2 Strategies for metal recovery

a. Metal nanoparticles synthesis

Bacteria has evidenced to ability to precipitate metals at a nanometric size and trap
them extracellularly, intracellularly, or even on the cell wall®. Metallic
nanoparticles (NPs) synthesis has attracted substantial attention as added-value
products, especially because of their enhanced surface properties, since
nanoparticles have a higher specific surface area compared to bulk metals. NPs
characteristics (e.g. size, distribution, shape) and applications will certainly depend
on the nature of the metal and the bacteria. Table I.1 summarizes some of the most
relevant recent studies on NP bio-synthesis. A single bacteria strain mediated the
synthesis of different transition metals, precious metals and REE. Applications
were very diversified based on the optical, magnetic and catalytic properties of the
NPs.

Table I.1. Metal NPs biosynthesis mediated by bacteria.

Bacteria Metal NP Characteristics Applications Authors
AU° 2-50 nm spheres Antibacterial Suresh et al. 201135
Shewanella oneidensis  Te* - Cr®* 13+£3nm Bioremediation Kim et al. 20143
MR-1 Cus 5nm Photothermal therapy Zhou et al. 2016°7
Pd° 8-50nm Pollutants treatment Ng et al. 2013%8
Cupriavidus Au° 20 - 60 nm, triangular ~ Optical biosensors Montero-Silva 2018%
Metallidurans
CH34 Pt 1-2nm Catalyst Campbell et al. 201840
Medicago sativa Nd° 2 — 6 nm, hexagonal Nuclear medicine Ascencio et al. 2006**
Sm° 2-8nm Nuclear medicine Ascencio et al. 2005
Au® 20 - 40 nm, prismatic Nano-medicine Dozie-Nwachukwu et al. 201743
Serratia Marcescens CuO 10 - 30 nm Catalyst Hasan et al. 200744
Bi® <150 nm Nano-medicine Nazari et al. 201245
Sel 70 - 360 nm Nano-medicine Avendafio et al. 201646

Pseudomonas putida . . .
Ag® 5-16nm Antibacterial Gopinath et al. 201747
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Much attention has been given to the biosynthesis of zero-valent metal NP.
Different pure strains have demonstrated the ability to reduce metal ions by several
metabolic pathways. As described in Section 1.2.1, bacteria can adsorb metal ions
and transfer electrons from an electron donor (e.g. Hz, formate, lactate) to promote
a metal reduction (Figure 1.8). This bacterial property is known as electroactivity.

_ d —
e donor™ + Pd(l) o - &
o
Hz or formate o
o
g~ donor®™ et
Shewanella oneidensis Bio-Pd(0)

Desuffovibrio desulfuricans

Figure 1.8. Reduction of Pd?* and PANP biosynthesis assisted by an e~ donor 8,

b. Electro-activity

Electro-active bacteria are exoelectrogen microorganisms, which means they are
capable of transferring electrons extracellularly via their cellular respiration. For
instance, they generate energy by oxidizing nutrients into smaller molecules,
protons and electrons. Electrons are carried through an electron transport chain
(ETC) and are finally released to the environment where external electron
acceptors such as sulfates, nitrates and metals (e.g. FeOs, MnO;) get reduced*®:°,
Protons are transferred across the internal membrane via a proton pump, creating a
transmembrane pH gradient and electrical potential, responsible of driving the
ATP synthesis. In 1910, the botanic professor Michael Potter demonstrated this
electroactivity on Escherichia coli (E. coli)®*®2. He placed them in platinum
electrodes, fed them with glucose and observed a potential difference and a current
generation. Basically, catabolic oxidation of glucose resulted in and
electrochemical gradient where the platinum electrode replaced the natural final

electron acceptors of the ETC.
The extracellular electron transfer (EET) vary depending on the species, but they

are all catalyzed by a large variety of oxidoreductases enzymes®3. However, when

an electrode gets involved, three EET mechanisms between bacteria and the
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surface have been described: direct electron transfer (DET), mediated electron
transfer (MET) and indirect electron transfer (IET) (Figure 1.9).

EET: DET MET IET
cytochromes pili 'C:mpoun | Gcompound microorganism
2 rei ox :
C-compound red ox

red ox

C-compound

red ox o cytochrome

\ pilus

Figure 1.9. Extracellular electron transfer paths between electroactive bacteria and

i(mediator,, ) (mediator,, ) ;

Iectrode (Anode)

electrodes 2.

DET is possible due to mobile proteins called c-type cytochromes, which transfer
electrons across the cell barrier through a series of redox reactions until the solid
surface. Besides, some bacteria produce cellular appendages, also called pili,
improving the physical connection between the microorganisms and the solid
surface®. MET involves shuttle molecules (mediators) that transfer electrons
between the surface and the microorganisms even at larger distances®®. Mediators
such as flavins, phenazines, methyl viologen and humic acids can be secreted by
the bacteria or simply added to the medium®°. Finally, IET uses microbial electron
carriers electrochemically synthesized such as hydrogen or formic acid. In contrast
to the MET, the electron carriers undergo irreversible redox processes®:.

Besides the E. Coli, numerous bacteria strains have revealed exoelectrogenic
activity but not consensus has been established about the ideal type®>°¢. Those who
do not retain the crystal violet stain developed by Danish biologist Hans Gram,
also called Gram-negative bacteria, are primarily used for electroactive bacteria
applications®®. For instance, Geobacter sulfurreducens has been extensively
studied because of its respiratory versatility and abundance in the
environment®3°7°8 This gram-negative strain lives in anaerobic conditions and
plays an important role in the global cycling of metals and carbon®°.
Shewanella oneidensis MR-1 (S. oneidensis MR1) is another largely studied
electroactive strain®%!, It is a facultative anaerobic, non-fermentative bacterium

outstanding for its ability to use a large variety of insoluble and soluble metals as
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electron acceptors. Oxygen, nitrate, nitrite, sulfur, thiosulfate, fumarate, sulfite,
DMSO, and trimethylamine-N-oxide are other common electron acceptors of this
species®®. Based on the microbial electroactivity characterization and potential

applications, the concept of Bioelectrochemical system (BES), has emerged.

1.2.3 The Bioelectrochemical System

a. Generalities
BES enables microorganisms to convert chemical energy stored in biodegradable
materials into electric current and chemicals'®. These materials could be
wastewater or biomass, turning it to a cheap renewable “fuel”*’. BES is composed

of at least two electrodes, an electrolyte and an external circuit (Figure 1.10).

External circuit

Fuel cell mode e—> * e—

Electrosynthesis cell

Anode Cathode
e : N
Oxidation catalyzed : Reduction catalyzed
Microbially Abiotically . ef-ﬂ Abiotically Microbially
Oxidized e Oxydized = Reduced e- Reduced e-
e- donor T e- donor . ; acceptor l acceptor
C |1 = )
: e
e- donor e- donor . : e- acceptor e- acceptor
N P
Membrane
o “OH ® i~ A
o RS -
. . L No
Cationic Anionic Bipolar Porous-based
membrane

Figure 1.10. Schema of microbial electrochemical systems (adapted from Belleville et

al.®%).
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Soluble ions considered as electron donors are oxidized at the anode while
simultaneously soluble ions as final electron acceptors are reduced at the cathode.
Depending on whether the electrodes are connected to an external load or a power
source, two types of systems can be distinguished: Microbial Fuel Cells (MFC)
and Microbial Electrosynthesis Cells (MEC). Finally, electrodes may be separated
by a membrane. In that case, cathode and anode chambers are called anolyte and

catholyte respectively.

Electrodes
Electrodes potential is function of the redox couple of materials, concentration of

the species and temperature and is described by the Nernst law:

a Ox

RT
E=E°+—In

nF a Red (I-l)

E = Potential of one electrode (V)

E° = Standard potential of one redox couple (V)

n = Number of exchanged electrons

R = Constant of the ideal gas law = 8.314 Jmol*K*
F = Faraday’s constant = 96500 C

T = Temperature (K)

a Ox and a Red = Chemical activity of species

BES operating voltage (Ecen) is extracted as the electrodes potential difference

(AE) subtracting all the irreversible losses:
Ecen=AE-[(act* #conc)cathodet(#act + 7conc)anode] - Rohm (1-2)

Where activation losses (7act in V) are linked to the electro-catalytic properties of the
electrode materials for a specific reaction; concentration l0sses (#conc in V) involve the
depletion of charge-carriers at the electrode surface compared to the bulk solution; and
ohmic losses, product of the multiplication between the exchanged current (I in A) and
the ohmic resistance (Ronm in Q), is related to cell design parameters such as electrolyte
and membrane ionic resistance, distance between electrodes and electrodes electrical

resistance.
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Electrodes have the role of transferring electrons through an external circuit by
catalyzing redox reactions. Therefore, they must be electrically conductive, stable
and possess a high catalytical activity for the desired reactions. Bioelectrodes are
referred to biofilms grown on an electrode surface with the purpose of catalyzing
an electrochemical reaction to either generate electrical current or reduce the
energy requirements. Suitable electrodes materials for biofilm growth must have
high volumetric current density. This supposes to have a high specific surface area
accessible for microbial development and high current production per area®*.
Macroscale porous electrodes are appropriate for bacterial colonization, even
though parameters like the tortuosity, pore shape and size must be considered to
avoid clogging. The current density production will depend on material properties
like its biocompatibility, conductivity, roughness, micro-porosity, hydrophilicity
and charge storage®*. So far, carbon fiber based porous electrodes have shown the
best performance in terms of current output®®. Carbon foams®, brushes®®, felts®’,
graphene oxides®® and activated carbon® have shown performances up to
390 A m™. Some of the non-porous materials reported are gold’®, copper silver and

nickel L.

Electrolyte

Electrolytes desired properties are mainly high ionic conductivity, good
electrochemical stability and low electrical conductivity. Aqueous systems from
synthetic solutions to wastewater are commonly used as electrolytes. As
microorganisms generally grow at approximately neutral pH, room temperature
and low salinity, high ohmic resistance (Ronm) due to low ion-conductive
electrolytes can be a major drawback for the BES performance’®’. Buffer
solutions such as phosphates and carbonates are usually added to the system to
assure a suitable pH and to decrease resistance losses. However, high buffer
concentrations are inconsistent with real wastewater and are neither economically
nor environmentally relevant’®. Reducing the distance between electrodes is an

effective and cheaper alternative to reduce losses related to the electrolyte.

Membrane
Membranes are used in dual-chambers systems to have a better control over the

operating conditions on each chamber. They must have a high ionic conductivity
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since as mentioned before, they add a supplementary resistance. Besides, they must
satisfy the following requirements: acceptable cost, low electronic conductivity,
high chemical and mechanical stability, bio-compatible, low (bio)fouling and

undesired crossover’*7°.

Separators are mostly polymers or ceramics and range from porous-based to ion

exchange membranes (IEM). A number of porous materials including cloth

76 78

layers’®, microfiltration’’ and ultrafiltration’® membranes have been reported as
separators for BES. Very original low-cost materials have also came out such as
newspapers and rolling paper’’. Among the conventional IEM, a wider variety of
materials has been explored. Cationic exchange membranes (CEM) are the most
common types>. Polymer chains with negatively charged ions (e.g. -SO;~, —-COO",
POs?", and PO;H") are commonly used to efficiently transport cations between the
chambers’2. Proton exchangers with supported ionic liquids membranes have also
been investigated®®. Anionic exchange membranes (AEM)* use positively charged
cation groups (e.g. NHs*, NHR,*, NR,H", NR3*, PRs", and SR,") attached to the
polymer matrix to allow anions passage through the membrane’. Finally, bipolar
membranes club together a CEM and an AEM to transport selectively protons and
hydroxyl ions to a specific chamber. At the membrane junction, water splits into
H* and OH" due to the applied electric field. Subsequently, protons migrate

through the CEM to the catholyte and hydroxides to the anolyte trough the AEM®L,

b. BES configurations

Microbial Fuel Cell (MFC)

MFC is characterized for having a spontaneous electron transfer from an anode to
the cathode at a higher potential (Figure 1.11). The system releases energy to a
lower thermodynamically stable energy state at a constant pressure and
temperature, which corresponds to a negative Gibbs free energy (AG<O0). Electrical

energy is therefore generated as electrons are transferred through an external load.

3 Nafion, Hyflon, Zifron, Ultrex, CMI-7000 are some of the most common commercial CEMs.

4 QPEEK, QPEI, QPSU, RALEX are some of the most common commercial AEMs.
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0 0
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Figure 1.11. Schema of redox potentials in a MFC.

A typical MFC has a biofilm on the anode surface to catalyze oxidation reaction
and to favorize electron transfer to the system. Electrons are firstly transferred
from an e- donor to bacteria thought their ETC via different redox reactions (e.g.
FerredoxXinoxred, NaD'/NADH, FAD"/FADH,)%?. A fraction of these electrons is
used to the cell synthesis and maintenance, while the remnant goes to generate
electricity. Bacteria obtain this energy from either organic (heterotrophic) or
inorganic (autotrophic) external substrates. When there is a mixed microbial
community, electroactive bacteria compete with non-electroactive bacteria for the
substrate consumption®. Nonetheless, the presence of a substrate in the electrolyte
as an electron donor is mandatory. Some of the most common compounds are

presented in Table 1.2.

Subsequently, it is thermodynamically possible to transfer the electrons
spontaneously to the cathode if the cathode potential and the final electron
acceptor potential at the cathode are greater. Final electron acceptors are often O»,
nitrates, sulfates and some metals®. Metal recovery strategies via BES utilize often

metals as final electron acceptors.
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Table 1.2. Electron donors used for bioanodes (taken from Xie et al. 2015%%).

e- donor Reaction E° (V vs. SHE)*
Organic matter ~CaHbOcNg + = H20 & CO + SNH3+ + H*+2e” where e=4a+b-2c-3d  -0.42 to0 -0.20

H2 2H*+2e° 5 Hy -0.41

HS SO + 9H* + 8¢ 5 HS + 4H,0 -0.22

S SO + 8H*+ 66 5 S + 4H20 -0.20
AsOs* AsO4> + 4H* + 26 5 H2AsOsz% + H20 +0.15

Se Se04? + BH* + 66" 5 Se + 4H,0 +0.33

NH* NOz+10H*+8e" 5 NH*+3H,0 +0.36
Mn2* MnO2+4H*+2e" 5 Mn2*+2H,0 +0.47

us UO2(CO3) 5*+3.52H"+2e" 5 UO2 +2.48HCO3+0.52H2CO5 +0.59

*Values at 298 K and pH=7.

Microbial Electrosynthesis Cell (MEC)

MEC integrates an external power to assist the electrochemical reactions.
Reactions are therefore not spontaneous (AG>0) and electrons are transferred from
the anode to the cathode at a lower potential (Figure 1.12). The main advantage is
to target final electron acceptors with low E° (e.g. H*/H,, Co?*/Co, Nd**/Nd). As in
MFC mode, a substrate is needed to transfer electrons between the biofilm and the
electrode. However, microbial electrodes aim to reduce the required energy instead

of generating it.

Cathode E e- acceptor Oe_ donnor Anode
% Potential (V)
nCathodu AEceH r]Anodc AG > 0
< >

Figure 1.12. Schema of redox potentials in a MEC.

Configurations may have bioanodes and/or biocathodes to catalyze desired
electrochemical reactions. In the 2000s, the concept was used to polarize
bioanodes and favorize water electrolysis in the (bio)cathode for H:
production®®, Later on, biocathodes have been demonstrated the elongation of
short carbon chains (e.g. CO», acetate) to valuable organic compounds (e.g.

succinate, butyrate)®-8,
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C.

Microbial Electro-Metallurgy (MEM)

The versatility of BES for metal recovery has given rise to the microbial electro-

metallurgy®2. Metal ions are removed from aqueous solutions by two approaches:

as final e- acceptors, where metal ions are electrochemically reduced; and by ion

complexation with the final e- acceptor. In both cases, metal solubility is lowered

and followed by a precipitation. A summary of most relevant studies is presented

in Table 1.3. Metal removal efficiency (n), a common indicator of the MEM

performance, is defined by the equation (1-3). Cyp and C; are the initial and the final

metal concentrations (mM), respectively.

Recovery efficiency (7)

n=%x100
0

(I-3)

Table 1.3. Metals recovered by BES systems (inspired from Nancharaiah et al.®7).
y y p
. Metal . Electron
Metal ion content pH Bacteria donor n (%) Authors
Cr adapted .
-1 - 88
Cr(Vl) 392mgL*' 2-6 consortiume NaOAc 99in7h Huang et al. 2010
- Anaerobic . Gangadharan and Nambi
1
100 mg L 2 sludge® NaOAc 100in 48 h 20158
20amg Lt 22 Asnlizrget;'c NaOAc 100in 25 h Li et al. 2008%
Co(lll) 874uM  4-6 Anaerobic? NaOAc 92in6h Jiang et al. 2014°*
lgL? 1-3  Mixed culture® NaOAc 99in48h Huang et al. 2013°2
Cu(ll) lgL? 4.7  Anaerobic? Glc >96 in 264 h Tao et al. 2011a%
2gL? Anaerobic® NaOAc 92in480h Tao et al. 2011b%
lgL? 3 Mixed culture® NaOAc 100in6d ter Heijne et al. 2010%
cdly 50mgL! 6 A;i%rgei'c NaOAc 94in 60 h Choi et al. 2014%
Au(lll)  200mgL?t 2 Anaerobic® NaOAc 98in12h Choi and Hu 2013%
Hg(ll)  100mgL?t 2 Anaerobic® NaOAc 99in10h Wang et al. 2011%
Se(1V) 7SmglLt 7 Anaerobic? NaOAc, Glc 99in48h Catal et al. 2009%°
Ag(l) S0mgL! 7 A;i%rgetﬁ'c NaOAc 100in8h Choi and Cui 2012100
gLt 92 A;i%rgoebb'c NaOAc 100in 21 h Wang et al. 2013101
Ni(ll)  50mgL? 5 Mixed culture? NaOAc 99in20h Qin et al. 2012202
V(V) 500mgL* 2  Mixed culture® Glc 25in72h Zhang et al. 200913
Cr(vl), 250mgL?t . Anaerobic . 104
V(V) 250 mg Lt 2 sludge® Glc 75,68in240h Zhang et al. 2012
Cu(ll, 0.8gL",
Pb(Il),  0.4gL? Mixed . : 105
cd(in, 08gL" <0 culture® NaOAc 100 in 300 h Modin et al. 2012
zn(1l)  03gL",
Cu(ll), 5 mM, 28
Fe(ll), 9 mM, . Anaerobic? NaOAc 100in 90 h Luo et al. 2014106
Ni(11) 5mM

*\Waste stream, 2MEC, PMFC.
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Metal concentrations were always below 2 g L. Even though, the total metal
recovery took from 6 hours to several days. pH is often acid since metals are
previously leached in acidic solutions. A mixed culture, usually anaerobic, is
preferred; electron donors vary between different organic matter such as sodium

acetate (NaOAc) and glucose (Glc).

Mixed cultures acclimatized with sodium acetate (NaOAc) as e~ donor are
preferred for bioanodes. Despite the preference for synthetic one-metal solutions,
some studies have focused on metal recovery from more complex matrixes such as
fly ashes!® and acid mining waste!®®. To our knowledge, BES configurations

haven’t focused on REE recovery so far.

n was close to 100% in most of the cases and faster by MEC compared to MFC. In
a configuration bioanode-abiotic cathodes, precious metals such as gold and silver
has shown the potential of metal removal and electrical energy production®"1%7,
Chui et al. reported 100% removal efficiency from 200 mg Lt Au®* and a power
density generation of up to 6.6 W m=2 with 2 g L't Au®*. Biocathodes started to be
implemented in MFC systems as well for Cr®* reduction to Cr(OH)s. Tandukar et
al. reported a maximum rate of 0.46 mg Cr® g VSS™ h'l. The resulted current and
power density was 123.4 mA m2and 55.5 mW m2 (against the anode surface),
respectively!®®. Finally, selectivity was addressed in some cases based on the redox

potentials of metals'® and the hydraulic retention time of the catholyte,
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1.3  Specification of the study

Metals are crucial in the global economy as key raw materials for the energy
transition and a variety of industrial applications. Sustainable processes to manage
metals along their value chain in a suitable way is essential. In this project, we
benefit from the versatility of BES to study metal recovery from natural and
anthropogenic sources. The present work aims to explore the feasibility of three
innovative technologies for metal recovery detailed in the following chapters:

- Chapter Il focuses on metal-bacteria interactions for chromium and gold
recovery. The concept of electrodes as electron donor for nanoparticles
biosynthesis is introduced.

- Chapter Il presents an innovative cathode to favorize the production of
intermediate species (e.g. H.O2, OH") for metal precipitation from marine
environments.

- Finally, Chapter IV explores ionic liquids as potential solvents for

neodymium electrodeposition in a MEC system.
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CHAPTER 11

Metal-bacteria interactions for gold

and chromium recovery

Anton van Leewenhoek, father of microbiology. Picture taken from Discover magazine.

J. Anaya | Microbial Electrochemical Technologies for metal recovery.



28 | Chapter II | Microbial electrochemical recovery of gold and chromium

II.1 Introduction

One of the biggest ironies of microbiology is the fact that microorganisms, the
oldest self-replicating organisms on Earth, were among the last to be discovered. It
is not until the late 17 century that the wholesaler Leewenhoek designed a single-
lensed microscope and observed microbes including bacteria for the first time.
Since then, the understanding of microbes and their interactions with the metals

has been remarkably expanded, as already highlighted in Chapter I.

Inspired on these interactions, Chapter II explores the feasibility of a new
bioelectrochemical process to recover and valorize metals from low metal-content
streams. It utilizes bacteria in suspension, idem planktonic bacteria, as driving
agents for transforming metal ions into nanoparticles. Gold and chromium are
reviewed in this chapter; two strategic metals that exemplify different behaviors
with bacteria. Two bacterial strains known for their versatile interactions with
metals were studied: Shewanella oneidensis MR-1°0 (S. Oneidensis MR1) and
Cupriavidus metallidurans CH34'% (C. metallidurans CH34). First, parameters
that influence the most the metal recovery efficiency and nanoparticle synthesis
are explored in a screening design of experiments (DOE). Based on that, a
microbial electrochemical technology is proposed to intensify the metal recovery
rate and improve the efficiency whilst keeping the nanoparticle synthesis
formation. Implications of microbial-metal interactions and some of the possible

applications are discussed.

This chapter is the result of a collaboration between the CMET laboratory at Ghent
University and LEPMI, co-elaborated with Suanny Mosquera’s Master thesis, and
financially supported by the French Ministry of Education, METGROW+ project
and the KIC InnoEnergy PhD school.
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I1.1.1  General principle

Here, initially viable cells in suspension are employed to recover metals from a
low metal content stream. Metal ions can be recovered as nanoparticles on the
bacterial surface or inside the cells through a series of passive and active
mechanisms'!®. This is a slow process that often requires the presence of a
reducing agent, also called electron donor. Bioreactors with either S. oneidensis
MR1 or C. metallidurans CH34 is firstly evaluated in a closed system with two
known soluble electron donors: lactate or H> (Figure II.1A). Secondly, the
introduction of a cathodic environment by the presence of a polarized cathode as
an electron donor is explored (Figure I1.1B). The cathode is intended to participate
in the metal electrochemical reduction, whereas bacterial cells act as support for
metallic NP synthesis. This new approach differentiates from classic
bioelectrochemical systems, where well-stablished electroactive biofilms are
required as electron transfer shuttle for metal recovery. In this case, bacterial
integrity is not intended to be conserved and neither its electroactivity. The
cathode provides with electrons for metal reduction and bacterial cells are used as

support for metal nanoparticles synthesis.

M a0

CATHODE

Figure II.1. Principle of metallic nanoparticles synthesis by coupling: (A) a
cathodic environment and (B) bio-recovery mediated by electron donors (e.g. Ha,
cathode).
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I1.1.2 Bacterial strains preparation

Frozen cells (in 20 % glycerol at =80 °C) of Shewanella oneidensis MR-1 (LMG
19005) and Cupriavidus metallidurans CH34 (SCK CEN Mol, Belgium) were
revived under aerobic conditions on tryptic soy agar (Oxoid, England). Individual
colonies were inoculated in tryptic soy broth (TSB, Carl Roth, Germany)
continuously agitated under aerobic conditions at 28 °C. Following the procedure
detailed elsewhere!!!, cells were harvested at the stationary growth phase
(typically 72-96-hours of incubation, optical density (ODsionm) = 1) by
centrifugation (Sorval RC 6+, Thermo Scientific, USA), washed twice with sterile
0.9% w/v NaCl, and finally concentrated to reach a value of ODg10=7 in a sterile
0.9% w/v NaCl aqueous solution (Figure II.2). Subsequently, these concentrated
bacterial cells stock was made anoxic by degassing for 21 cycles of vacuum and
filling with N» gas (Linde, Germany). Initially non-viable bacteria controls were

set with cells autoclaved for 21 minutes at 121°C.

S. oneidensis MR1 C. metallidurans CH34

Figure II.2. Bacterial cells stock (ODe¢10=7) of S. Oneidensis MR1 and C.
metallidurans CH34.

To determine the mass of cells to inoculate the system (Mc in g), a relationship

d112,113

between the cell volume and concentration previously reporte , was used

with the following equation:
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Mass of cells applied (in g) : M, =Cy XV, X M, (II-1)

Where M. considers the initial bacterial cell concentration (Cp) in cells mL™!, V. as
the volume of cells in mL injected into the reactors (typically 5 or 10 mL), and the
bacterial cell mass (M;) in g cell'. M} is calculated from Equation I1-2, where Vs
is the cell volume in pm® (given by Equation II-3), 435 is a constant that
represents the conversion factor between weight and volume, and 0.86 is a scaling
factor!!®. The average volume of bacterial cells (Table I1.1) was calculated from
measurements of 25 bacterial cells from TEM analysis. It considered the allometric

measurements of the width (w) and the length (/), of bacterial cells unexposed to

metal ions.

Bacterial cell mass (in g): M, = 435V,8¢ (I1-2)
3

Bacterial volume (inL): V), = [(W2 X %) U-—w)+ (n X W?)] (I1-3)

Table II.1. Bacterial dimensions and density.

Dimensions Average cells density
Bacteria
w (um) 1 (um) (g cell™)
S. oneidensis MR1 0.62+0.08 1.34+0.64 1.73 x 1013
C. metallidurans CH34 0.55+0.08 1.14 +0.35 1.23x 10713

Bacterial dimensions are comparable to a previous characterization of the S.
algae'* and the C. metallidurans'®. Likewise, average cell density is comparable

with previous reports for S. putrefaciens (1.28 x 10713 g cell'1)!!!,
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II.2 Gold recovery

I1.2.1 Context
Gold is a noble metal, used as jewelry, LED backlighting in TVs, reflective glass

coating for heat conservation, part of electronics, and as an active material in
catalysis''®!!7. Recovery of gold from wastewater is noteworthy to suffice circular
economy. But the ideal suffer some drawbacks. Even though this “gold urban
mine” is significantly richer than the available primary ores (e.g. 300-350 g t™! for
mobile phone compared to 5 g t! for a typical gold mine), the composition of

secondary resources is much more complex!!s.

Several hydrometallurgical
technologies are available to recover gold from waste. Solvent extraction and ion
exchange membranes can separate selectively gold ions from leached waste

119-121

streams Subsequently, precipitation of elementary gold by chemical

reducing agents and electrochemical deposition of Au® plates is desirable due to its

intrinsic high purity properties!?!~123

. Here, the challenge lies in developing
recovery processes economically worthwhile. In this sense, the approach of
integrating Au recovery and valorization from secondary sources has an enormous

potential to concomitantly supply materials to high-grade applications.

Gold nanoparticles (AuNPs) have attracted substantially attention as added-value
products. This, based on their enhanced physicochemical properties, primarily
related to their high surface area that enhance catalytic reactivity, optical
properties, and chemical steadiness'>*. AuNPs are notable for application in, e.g.,
surface enhanced Raman, medical diagnostic, drug delivery, catalytic uses, and for

environment remediation®*!2>:126

, among others. It needs to be mentioned that the
safety of AuNPs is highly controversial in terms of bio-compatibility and toxicity,

but no conclusive statements have been confirmed so far'?’.

Microorganisms are considered as potential ‘nano-factories’ for the biosynthesis of
zero-valent AuNPs, with properties similar to (electro)chemically-synthesized
materials'?*!2%, A new bioelectrochemical configuration is proposed to recover and

transform metal ions into added-value nanoparticles.
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I1.2.2 Microbial system assessment

a. DOE Matrix

Experimental

Microbial-mediated recovery was evaluated first using a 1/8 fractional factorial
design matrix (Resolution I11,27*)™, which is ideal for fast-track screening and as
a basis for further optimization'?®. This design of experiments (DOE) was
composed of 7 factors (i.e., cells concentration, temperature, headspace, pH, gold
concentration, electron donor and cell type), each of them with two levels
(described in Table 11.2), which experimental runs are organized in an orthogonal

array.

Table I1.2. Orthogonal experimental design matrix applied for 27* DOE

Factor

Std. Experimental

[Au®]
order order OD610 Temperature anoxic/oxic pH M e-donor  cell-type

m
1 7 (R7) 0.5 28 °C Anoxic 5 2 Lactate*  MR-1
2 2 (R2) 1 28 °C Anoxic 1 0.2 Lactate®  CH34
3 1 (R1) 0.5 37 °C Anoxic 1 2 H» CH34
4 5 (R5) 1 37 °C Anoxic 5 0.2 H»b MR-1
5 8 (RS) 0.5 28 °C Air 5 0.2 Hy® CH34
6 4 (R4) 1 28 °C Air 1 2 Hy?® MR-1
7 3 (R3) 0.5 37 °C Air 1 0.2 Lactate*  CH34
8 6 (R6) 1 37 °C Air 5 2 Lactate*  MR-1

4Lactate concentration = 10 mM

bH; in saturation (=0.9 mM at 25°C)

Two response variables were chosen for this study: the metal recovery efficiency
(7) and a targeted AuNPs size of 50 nm based on their catalytic applications 313!,
To calculate the removal efficiency, gold ions concentration initially (Cy) and at
the end (Cf) were measured via ICP (description in Annex 1-A). DOE experiments

were conducted for 72 h in serum bottles (120 mL) filled with 50 mL of metal

™ The resolution III DOE enables to estimate the main effects, starting from the null hypothesis
that all the factors have none influence on the response variables. It has the advantage of
minimizing the number of experiments, focusing on the main factors studied rather than the

interactions between then.

J. Anaya | Microbial Electrochemical Technologies for metal recovery.



34 | Chapter II | Microbial electrochemical recovery of gold and chromium

solution at the specified metal concentration and pH. Firstly, metal concentration
was made up from a HAuCls stock solution (5 g L'!) in a solution containing 0.15
M NaCl. pH was adjusted with either NaOH or HCI. Bottles were plugged with
thick butyl rubber stoppers and sealed with an aluminum crimp. Reactors were
autoclaved at 121°C for 21 min. No metal precipitation was observed after
autoclaving. Air or N> headspace was set according to conditions described by the
matrix. Subsequently, electron donors were supplied either to the solution (sodium
lactate) or at the headspace (H> gas). An equivalent concentration of 10 mM of
lactate was added to be in excess. H> was purged for 10 minutes with a constant
pressure of about 2 bars to achieve an equivalent of 0.9 mM H,. This aqueous H»
concentration was calculated using Henry’s constant (H® = 7.7 x 10 mol m® Pa’!
in H,O at 298.15 K, 1 atm)!*2. Then, cells were incoulated from the concentrated
stocks to the designated concentration based on the ODs19. The mass of inoculated
cells (Mc) was calculated based on equation (II-1). Average values are presented

in Table I1.3.

Table I1.3. Mass of inoculated cells

Mec (in g)
ODs10
MR-1 CH34
0.5 426 E-03 5.72 E-04
1 853 E-03 1.14 E-03

The reactors were finally placed on incubators at the corresponding temperature

with a rotatory shaker (KS 4001, IKA, Germany) set at 120 rpm.

Visual results

The aim of the DOE was to maximize the AuCls™ recovery and to transform them
into valuable NPs. A first visual response before the metal content analysis is a
good indicator of the microbial system performance. The color change of the
reactors from the beginning of the experiments #y to the end ¢72, are presented in

Figure I1.3.
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to

t72h

Figure I1.3. Reactors at the beginning and at the end of the experiment.

At t9, yellowish and transparent reactors represented configurations 2 mM and 0.2
mM Au, respectively. After 72 h, reactors R2, R5 and RS turned violet, which is the
characteristic color for AuNPs!33. Reactors R1, R3, R4, R6 and R7 have a turbidity
effect attributable to suspended particles originated from bacterial cells effect. This
color effect gives a first overview of the reactor’s evolution, but a microscopic
proof is a better indicator of AuNPs. Therefore, bacterial cells were harvested from
each reactor and observed at a Transmission Electron Microscope (TEM,
description in Annex 1-B). TEM micrographs displayed in Figure I1.4 segregate
images from experiments with C. metallidurans CH34 and S. oneidensis MR1 after
the DOE experiments (description in Annex 1-B). Strain controls (Roc for
Cupriavidus and Ros for Shewanella species) were not exposed to gold ions and

therefore couldn’t produce any AuNPs.
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Shewanella
oneidensis MR-1

Cupriavidus
metallidurans CH34

Figure I1.4. TEM analysis and NP size distribution (nm) for the 8 reactors. R0Oc
and ROs represent bacterial controls without metals for CH34 (grey) and MR-1
(yellow), respectively.

AuNP were identified as electron-dense particles either surrounding or inside the
bacterial cell. This assumption is applied since gold has very dense and reactive
atoms compared to bacterial molecules, appearing as a highly contrasted black
color in TEM images. They were distributed at different bacteria locations and
quantified by using the ImagelJ software. Nanoparticles from 8 nm up to 112 nm
were quantified in each configuration except R7. Intracellular AuNPs in reactor 3
were smaller (10.5 £ 2.1 nm) in comparison to those in the periplasmic space
displayed in reactor 1 (15.6 £ 2.9 nm). A combination of both was displayed in
reactor 4 (18.3 3.7 nm) and 6 (19.1 £ 3.3 nm). Larger NPs were observed
extracellular or on the cell wall in the reactors 2 (103 = 43 nm), 5 (43 = 13 nm),
and 8 (31 = 7 nm); whose solutions exhibited a visual surface plasmon resonance
(SPR) effect perceived as a purple like color (Figure I1.3). The particle size and
location are important parameters for further applications. For instance, targeted
50 nm NPs size were found in literature to be optimal for -catalytic
applications'*%13! AuNPs of = 60 nm are apparently more active in comparison
with smaller (<10 nm) or bigger particles (>70 nm) for Raman applications as it

amplifies the signal of biochemical components!3*. Finally, cells bounding to
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AuNPs can act as a carrier for various applications such as catalysis in removal of

pollutants or enhanced hydrogen production in microbial fuel cells!3>137,

DOE results in terms of variable responses

Following on, the microbial system performance was analyzed in terms of the
metal removal efficiency (7, description in Chapter I, equation I-3) and AuNP
average size. Average AuNPs size and its standard deviation were calculated based
on 10 identified nanoscale precipitates from each reactor. Absolute values of the

response variables are displayed in Figure II.5.
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Figure IL.5. DOE results in terms of gold removal efficiency (1) and average (NP).

At 72h, reactors R2, R5 and R8 gave the highest removal efficiency (58.8%, 88.5%
and 92.8% respectively), having in common a low concentration of Au** (i.e., 0.2
mM) and the purple coloration. The interaction of colloidal gold nanoparticles with
light dictates their visible color; purple colorations are characteristic of
nanoparticles of large size (typically >30 nm), which is consistent with the average
AuNP sizes (Figure I1.5). R7 had a gold removal of 50 %, which is interpreted as

(bio)precipitation but not necessary attached to the bacterial cells.
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Statistical analysis

To estimate which factors statistically had an active effect in the variable
responses, Lenth’s method was firstly employed. This is a non-parametric method
applied for non-replica analysis in fractional factorial designs'®, and represented

by equation (I1-4).
Effect magnitude  Fggrect = % X YL, (algebraic sign; _1y X observation;) (II-4)

Where m is the number of experiments, the algebraic sign represents the level of
each factor (i.e. either -1 or 1) and observation; the experimental response. In order
to express the response variables in terms of maximum or minimums, AuNP size
response was rewriting as (AuNP size - 50) and the minimum value was targeted.
From there, a margin error (ME) was calculated based on the concept of sparse

effects (Equation (II-5)), to identify effects that are higher than a random error'*%.

Margin error:  ME = (4.45 X (Fggrectj ) ; j € Effects {|FEffeCtj

<3.75 *Fefrec ] (11-5)

Based on the Lenth’s method, factors with an active effect lie outside the marginal
error. Factors effect for both n and 50 nm AuNPs were calculated in displayed in

Figure I1.6.
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Figure I1.6. Effect of each factor on # and AuNP. Values are normalized by the
most significant effect. Significant effects lie out of the margin error.
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To maximize gold removal efficiency, the most significant factors were the initial
gold concentration (C4u0) and pH. Regarding the functionalized AuNPs, pH and
anoxic/oxic conditions effect was above the margin error. Following which, a
variance analysis (ANOVA), another technique to estimate main factors based on
variations between groups (i.e. the seven factors)!3°. The total variation (SS total,
described in Equation (II-6)) is the sum of variation between groups (SS groups,
described in Equation (II-7)) and the variation within groups (SS error groups,
described in Equation (II-8)). s; represent the standard deviation of a given factor
i. The probability of an observed result if there is no relationship between two
factors, i.e. null hypothesis, is expressed in Equation (II-9). If this probability is
higher than a significance level (e.g. 5%), the null hypothesis should be rejected.

Sum of squares for total variation: SStotal = SS group + SS error (I1-6)
Sum of squares for groups: SS group = YR, m; X (Fggrect i — FEffect)z (11-7)
Sum of squares for error:  SSerror = ¥ ;(m; — 1) x (s;)? (I1-8)
Probability value: P — value = Pr(observation | hypothesis) (I1-9)

Main factors with their respective sum of squares for groups (SS group), sum of
squared errors (SS error) and the probability value (p-value) are presented in

Table I1.4.

Table 1I.4. Main effects for maximizing n and target 50 nm AuNP with 95%

confidence interval.

. ) max(n) min(AuNP-50)2
Variance analysis = -
pH Cawo pH Anoxic/oxic
SS group 19.1 -21.8 406 -289.4
SS Error 2.3 2.3 5.5 3.9
p-value 0.001 0.002 0.012 0.029

Main effects on the variable response were confirmed by the ANOVA test with p-
values lower than a significance level of 5%, but some aspects must be considered.
First, to maximize n, errors represent between 9% and 11% of the total variance
depending on the factor. Second, main effects are confounded with the effect of

interactions between factors due to the DOE resolution. SS group are normally
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used to formulate an experimental model, but a second DOE focused on these main
effects with a higher resolution is recommended to do so. Finally, the values sign
in the SS groups express the level of preference for each factor. Therefore, the
statistical analysis can led to differentiate the levels response of these significantly

important factors (Figure I1.7).
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Figure I1.7. Factorial plots of relevant factors A: # and B: AuNPs close to 50 nm.

A maximum x was obtained at 0.2 mM (level -1) and pH 5 (level 1). Higher AuCl4
concentrations, i.e., of 2 mM, can be considered extremely toxic for the cells. The
microbial inhibitory concentration (MIC), which imposes the limits of stress
responses in bacteria, is 0.2 mM Au S. oneidensis and 0.0008 mM Au in C.

metallidurans'%%-140

. Thus, a less toxic metal content (e.g. 0.2 mM Au) could
favorize the metal removal from initially viable cells. Moreover, acidic conditions
induces the protonation of the bacterial cell wall, leading to a passive electrostatic
adsorption of the negatively charged AuCls anion'*!!*2, However, metal recovery
was higher at pH 5 compared to pH 1. This phenomenon already observed by Ha et
al.' seems to be related to the functional groups present in the cell wall. In S.
oneidensis, phosphoryl groups (pK.= 6.8) presumably maintain most of their
positive charge at pH 5, thus, contributing to gold ions attraction. This may
promote nucleation sites and colloidal stability. When the pH further moves to

neutral, the studied revealed a drastic diminution of AuNP synthesis and associated

it to an electrostatic repulsion on the cell surface!*.

Regarding the AuNP size, pH 5 (level 1) and anerobic headspace (level -1) resulted

as desired levels to minimize (AuNP-50)*. There is not a clear understanding of the
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anaerobic effect on the nanoparticles size, but a few studies have shown that
AuNPs may adsorb or react with 0,!#>146, This interaction may play a role in their

nucleation and further agglomeration.

b. Study case, R5 conditions

Based on the above-mentioned results, appropriate experimental conditions that
lead to high gold removal and functional AuNPs (=50 nm) synthesis were: S.
oneidensis MR1, pH 5, anoxic conditions, and H> presence. Considering a specific
case of reactor 5 (R5), conditions were triplicated and compared to abiotic and
heat-killed cells controls. Metal removal (n4.) was firstly evaluated (Figure
II.8A). Besides, viable cells were quantified based on flow cytometry
measurements (description in Annex 1-D), and the cells viability calculated from
equation (II-10). Bacterial removal capacity (¢), defined as the ratio between the
metal mass removal and the bacterial cells mass inoculated (g in gau gcen™!), was
also evaluated (Figure II.8B). It is based on equation (II-11); where V is the

volume in litters of the solution and Mc is the mass of cells applied in grams.

. J (VCy=VCe)
Cells viability (%VC) %VC = ?/Tt (I1-10)
0
. _ 74
Removal capacity (g) q=(Co—C)x1073 x h (I1-11)
c
A. 100 [ Non viable cells (NVC) VE=1.8% B‘ 80
o, | C—JViable cells (VC) ’ I Non viable cells (NVC)
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Figure II.8. Comparison between initially viable (VC) and heat-killed cells
(NVC): A: Gold removal efficiency (nau) within time. VF values represent the
percentage of remaining viable cells compared with the initial inoculated cells;
B: removal capacity (g).
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The 544 of the treatment at pH 5 was 88.2 + 3.5 %, comparable with the previous
results from the DOE set-up (88.5 %). The high gold removal in the first hour
followed by a slight removal during the next days has been associated with a fast

biosorption followed by a slow reduction process'*’.

Moreover, the control
experiment with initially heat-treated cells achieved up to 67.5% removal after 4
days of incubation. The last outcome is inferred to result from the external

)48 and other sorption sites

exposure of reducing biomolecules (e.g., amino acids
due to cell lysis occurring by the heat treatment!*’. During the first hour, initially
viable cells (VC) had a removal capacity of about 55 gau g 'cen, considerably
higher compared to the 30 gau g 'cen obtained with non-viable cells (NCV). An
active metabolism is therefore suspected to be involved. Within time, passive
mechanisms observed in NVC have a positive effect and reach a maximum ¢ of 47
gau g 'cenn after 24 h. On the other hand, active mechanisms may have considerably

decreased since the quantity of viable cells decreases rapidly and could explain the

possible removal capacity saturation.

Initially viable cells in presence of a soluble electron donor (e.g. H2) were found to
be a good substrate to catalyze the reduction of gold leading to the
nanoprecipitates. Heat-killed bacteria had a reduced gold removal, and H> alone
does not induce precipitation from abiotic AuCls” solutions at room
temperature'>>!%. Considering this, an insoluble electron donor, i.e. a polarized
cathode, was introduced to study the feasibility of a new bioelectrochemical

system to recover gold as AuNPs.

I1.2.3 Microbial electrochemical system

Set up

A two compartments reactor was set up to study the electrochemical behavior of an
electrolyte solution containing gold microbial electrochemical technology (Figure
I1.9). Three reactors made of parallel Perspex frames with a with a working
volume of 0.15 L per compartment were set up. A closed recirculation via a

peristaltic pump (2.5 L h!) assured the mixing in each of the compartments.
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Figure I1.9. Schema of the three recirculating reactors set up'>°.

Reactors were placed in a temperature-controlled room at 28 °C. The catholyte

aimed to replicate the microbial study case with conditions used in R5. It contained

0.2 mM Au in a 0.9 % NaCl aqueous solution, adjusted to pH 5 and purged with N»

(Linde, Germany) for 15 minutes before the experiments. The anolyte

compartment, used as sacrificial oxidizing agent, contained a 0.15 N Na;SO4

aqueous solution at the same anolyte pH'". Compartments were separated by a 64
2

cm” cation exchange membrane (CEM) from Ultrex CMI-700, Membranes

International, Inc., USA.

The working electrodes were made of graphite plates (Mersem grade 1940 PT,
France), with a projected surface area of 3 cm?. These carbon based electrodes are
widely used in bioelectrochemical systems for their electrochemical stability and
bacterial affinity®. A stainless-steel mesh (AISI 316L mesh size 495 p, Solana,
Belgium) with a projected area of 10 cm? was used as a counter electrode. Isolated
stainless-steel rods were used as current collector. An Ag/AgCl reference electrode
with and electrode holder (0.205 V wvs. SHE, 3.5 M KCI, Biologic Science
Instruments, France) was placed in the cathodic compartment, where the working
electrode was located. Before any experiment, reactors were washed twice with
1% v/v HNOs. All the electrochemical experiments were controlled with a

Biologic potentiostat (Model VSP, Biologic Science Instruments, France).

10.15 N Na>SO;4 has the same normality as 0.9% NaCl. The sulphate anion in the anolyte was

introduced instead of chloride present in the catholyte to avoid any chlorine production.
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a. Preliminary study: Au electrochemical reduction

Cyclic voltammetry tests (CV) composed of three complete cycles were performed
in a three-electrode system, with the reference electrode placed close to the
cathode (working electrode). Scan rates from 5 mV s to 20 mV s! were tested at
pH 5 in abiotic conditions. The third cycle of each scan rate is displayed in

Figure 11.14.

-06 -0.4 -0.2 o 0.2 0.4 0.6 0.8 1
E vs. SHE/V

Figure I1.10. One-way CV in absence of bacteria, pH=5. I, II and III represent

cathodic reaction regions.

Based on Pourbaix diagram for gold in chlorine solutions (Figure I1.11)!!
different reactions may be involved depending on the working electrode potential.

A simplified list of reactions is presented in the following equations:

:: AF*A*CT ’ ',L_ - 18
T | | AuCly +2e” — AuCly” + 4CI-
Fh 119 «
G || E’=0.95 V vs. SHE (11-12)
0.8 —4 : 'LJ&
—~ 06 "':‘ ! |
Lot s AuCly + 3¢ — Au® + 4CI°
< 02 J.” AuCl, .
B g0 f7a) : E°=0.8 V vs. SHE (11-13)
024 :AU
L4 <4
0.6 = :
08 -+ : 2H" + 2¢ — H»
o | : E°=-0.3 V vs. SHE (11-14)
-2 0 2 4 6 8
pH

Figure II.11. Pourbaix diagram of

AuCly system!2,

J. Anaya | Microbial Electrochemical Technologies for metal recovery.



45 | Chapter II | Microbial gold and chromium

A first cathodic region around 1 V vs. SHE would fit with the partial reduction of
AuCly reduction to AuCly™ (equation (II-12)). A second cathodic region with a
considerable higher current density response predominates between 0.5 and 0.9 V.
It is most likely related to zero-valent gold electrodeposition and was assumed as
the main gold reduction reaction (equation(II-13))'*!. Both pics represent a
maximum reaction rate, from which other phenomena such as gold diffusion from
the bulk to the electrode vicinity become limiting. A third region at potentials
below -0.3 V vs. SHE includes H> evolution (equation (II-14)). Once identified
these regions, a polarized working electrode was explored as electron donor for

gold reduction in a BES.

b. BES assessment on gold recovery

Experimental

Metal recovery assessment was sorted by chronoamperometry tests (CA) in abiotic
and biotic conditions. A catholyte with 0.2 mM Au, pH 5 and purged with N was
conditioned based on the study case R5. For the biotic experiments, bacterial cells
were inoculated from a fresh concentrated S. oneidensis MR1 stock into the
catholyte at similar concentrations as in previous microbial test (ODsionm =1),
without provision of any additional carbon source in the system. A fixed potential
of -0.3 V vs. SHE was applied for 72 h. Based on Nernst equation and assuming a
low over potential during time, H» production by water electrolysis should be
possible at the cathode. H> was therefore calculated by following Faradays law
described in equation (II-15). To calculate the charge related to H> production (Qp,
in C), it was assumed that the cumulated charge (Qiptq;in C) resulted from
AuCls/Au’ and H/H; reactions (equation (II-16)). Qe Was defined by equation
(IT-17) and measured by the potentiostat.

Ny, = QHZ/(ZH"'/HZF) (IT-15)

QHZ = Qtotal - nAuOZAu3+/Au0F (11'16)
72 h

Quotat = J, I dt (11-17)
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Polarized cathode as electron donor for gold recovery

Gold removal efficiency (nau), the total charge (Qrar) and the estimated cumulated

production of H» are presented in Figure II.12A. A picture of the graphite

electrodes after the chrono-amperometry tests is illustrated in Figure I1.12B.

>
w

1DD L] L L] LJ
,.é.é, ?5 = - %
=5 50} S
< =
25 } 1 8
a0
(] i | RS
= 30T [EEEAviotic =
B 20 — 13 { <
ol I ! ;
0.6 . —_—r— g
— Q
2 04} ] =&
£
LN02F {1 3
D Il 'l 'l !}‘ . m

0 24 48 72

1 3 77
Time (h)

Figure I1.12. Chrono-amperometry results in abiotic and biotic (BES) conditions
with cathode potential fixed at -0.3 V vs. SHE. A: nau, Quww and cumulated H»
production. B. Graphite electrodes after the chrono-amperometry tests performed
for metal recovery.

Gold removal of 55% during the first five minutes is associated to a fast
biosorption as observed in the microbial system at the same conditions (Figure
II.8A). A maximum and stable 97.1% is subsequently achieved at 24 h, which is
comparable with the performance of a BES driven by a bioanode®’. Choi et al. °’
recovered 98% of a 200 mg L-' Au(lll) solution in 12 h. The 57%
electrochemically removed in the control is due to an electroreduction, considering
the potential below AuCls/Au’ reaction (Equation (II-13)). The proposed BES
could combine biologic with electrochemical mechanisms to remove gold from the

aqueous solution.
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H», studied in the microbial system, has been reported as precursor of biogenic
AuNPs!#7:153 ts electrochemical production in situ would have been interesting to
investigate. However, possible H> buildup over time had a negligible effect over
gold removal, at least during the first 2 hours. As a benchmark reference, 0.2 mM
of AuCly stoichiometrically requires 0.6 mM of H» if the redox couple (AuCly
/Au’//Ha/H") is considered (Equation (II-13) and Equation (I1I-14)). Gold was thus
initially removed by direct interactions with bacteria combined with the cathodic

environment.

Energetic balance
Oww increased faster in abiotic conditions, consuming more current than biotic
conditions. An energy consumption was calculated from equation (II-18) and
presented in Table IL.5. It consists of the product between (Qri) and the cell
voltage (Ecen):

E = Qtotar X AViens (I1-18)

Table II.5. Bioelectrochemical configuration tests at 24 h.

Experiment Ecai (V)  Qtotal (C) Energy (J)
Abiotic 1.7 14.2 62.3
Biotic 1.7 7.6 36.2

The energy consumption is 70% higher in the abiotic test. Considering the
electrode’s pictures (Figure I1.12B), a surface change in the cathode could be
responsible. The clear gold electrodeposition observed in the abiotic electrode can

enhance the catalytic properties of the electrode!?%!>*

, Increasing the exchanged
current. However, at 72 h 96% was BES this modified electrode didn’t enhance the
metal removal, thus promoting energy losses. Likewise, suspended S. oneidensis
MR1 cells attaches relatively fast on polarized carbon surfaces (e.g. mediated by
secreted redox species like flavines®"!>®). Gold bio-sorption could also play a role
in the electrochemical reduction. Further tests varying the concentration of bacteria
and gold ions are recommended to elucidate the metal-bacteria-electrode
interactions. Finally, if this process was scalable to 1 kg of metal, the energy

required would be of 8.8 MJ kg! for the abiotic and 3.7 MJ kg™! for the biotic
conditions. 208000 MJ kg™! has been reported as the energy to produce 1 kg Au by
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conventional techniques'?, but it takes into account extraction and separation steps

that here are not considered.
Post-experiment AuNP characterization

The metal removal assessment was followed by a TEM characterization on the

bacterial cells (description in Annex 1-B). Results are displayed in Figure I11.13.

B. 0.6

o
"

counts (%)

o
[

]

12 14 16 18 20 22 24 26
Diameter nm

Figure I1.13. A. TEM of S. oneidensis MR-1 after 72 h; B. AuNPs size distribution

in counts.

AuNPs observed attached in the surrounding of the bacteria had an average size of
18 + 2.7 nm (Figure I1.13A). They were smaller and less dispersed, compared to
non-electrochemical mediated biosynthesis (Figure I1.4). Suggested reasons of
this variations presumably include: (i) faster kinetics could induce smaller
AuNPs'¥, (ii) a modified electron donor transfer may influence the NPs size'3’.
Nevertheless, in this BES, bacterial cells could be considered as capping agents

and nucleation sites needed for NPs synthesis>* 136157,

Complementary gold diffusion analysis

Check-up CVs from 120 mV s! to 1 mV s were performed in abiotic conditions,
before and after the chronoamperometry tests previously presented (Figure 11.12).
Results at #p and 72, are displayed in Figure II.14A and Figure II.14B
respectively. From these, a linear behavior was obtained between the cathodic
current peaks (i,) and the square root of the scan rate (/?) (Figure I1.14C and

Figure I1.14D).
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Figure II.14. Electrodynamic analysis of catholyte at initial conditions: 0.2 mM
Au** in 0.9% NaCl at pH = 5, 28 °C. (A.) CVs before the potentiostatic test (to) on
the graphite electrode. I, II and III represent cathodic reaction regions; (B.) CVs
after the potentiostatic test (72 h of chronoamperometry at -0.3 V vs. SHE) on the
resulting graphite electrode; Linearity of current peaks (j) with the square root of
the scan rate (v%) at to (C) ; and at 72 h (D).

The cathodic current response increased at the end of the chronoamperometry
experiment. For instance, the region II increased the cathodic current peak about
10 from ¢ to t72s. Irreversible reactions are present (e.g. gold electrodeposition),
since the reduction peaks shifts with the scan rate and the flatted oxidation peaks
have a reduced current response'>®. Based on the linearity between i), and v'/%, a
simplified estimation of the diffusion coefficient (Dy) for reactions AuCls/AuCly”
and AuCls/Au® was calculated following the Randles-Sevcik equation (Equation
(IT-18)). n represents the number of electrons exchanged, A the electrode area and
Cy the gold (III) chloride concentration in the bulk. D, values are presented in
Table I1.6. The R? represents the linearity of the 7, vs. v/2 relationship, and » the

number of taken points.
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i, = 2.69x10° n%/2 ADy/? ¢} v1/? (11-19)

Table I1.6. D, and Randles-Sevcik linearity calculated in abiotic conditions.

Do (cm? s1) R? (%)
Time (h) 0
AuCls/AuCly AuCls/Au® AuCli/AuCly” AuCls/Au
0 2.2 %108 9.8. x 107 0.86 (n=5) 0.93 (n=8)
72 1.1 x 107 2.0x10° 0.99 (n=8) 0.97 (n=8)

Dy values are subject to reversible reaction considerations but the magnitude order
at tg are similar to other studies!>*!>°. The considerably increase of Dy (5-fold for
AuCls/AuCly” and 2-fold for AuCls/Au®) relies on the electrode surface
modification since gold was clearly electrodeposited on the cathode surface.
Despite this raised diffusion coefficient in the electrode, the gold removal was
lower than in biotic systems. Gold mass transport is not necessarily enhanced
within time, as it depends on D,y as well as the metal concentration in the bulk, the
electrostatic potential and the convective transport'®®. The diffusion coefficient is
often a limitation for electrochemical metal removal from diluted solutions!6!:162,
Electrodes properties, reactor designs and electrolytic baths have been studied to

promote the metal removal'®!1%% Here, the use of suspended bacteria as supporting

agent opens a new route for bioelectrochemical systems.

I11.2.4 To sum up

A screening study confirmed the use of initially viable cells as substrate for gold
removal and AuNP synthesis. pH and metal concentration were process-driven
factors for high metal yield, whereas pH and oxygen degassing could be significant
for the synthesis of 50 nm AuNPs. Considering a solution containing 0.2 mM Au,
at pH 5, anaerobic conditions and a in presence of H: as electron donor, a
maximum gold efficiency of 88.5% and AuNPs of 43 + 13 nm were obtained after
72 h. S. oneidensis MR-1 and C. metallidurans CH34 mediated AuNPs formation
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located either on their outer membrane, on the periplasmic space and/or

intracellularly.

The introduction of a cathode as electron donor catalyzed the gold reduction up to
95% in 24h and allowed the bio-synthesis of 18 + 2.7 nm AuNPs. Considering that
the cells integrity diminished very fast, a passive mechanism was the first
responsible of metal sequestration on the bacterial biomass. The use of an electron
donor on initially viable bacteria enhanced the removal efficiency and contributed
to the metal reduction and nanoparticle synthesis. Nevertheless, active mechanisms
on viable cells would require maintaining the cells integer despite their
environment. The proposed bioelectrochemical system accelerates the metal
reduction without compromising the synthesis of AuNPs. The requirement of
hydrogen for NPs formation in BES should be further corroborated by varying the
fixed cathode potentials. Overall, BES can offer a great potential for recovering

and valorizing metals from waste streams in a controlled system.
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II.3 Chromium recovery

I1.3.1 Context

Chromium is one of the most common ubiquitous metal pollutants in the
environment. Its hardness, corrosion resistance and intense color variety are highly
valorized in stainless steel alloys, leather tanning and pigments'®. Unfortunately,
the anthropogenic activities related to the usage of Cr such as mining and
industrial processes are responsible for most of environmental contaminations and
human exposure*®>. Chromium-laden waste streams from these processes are a real
threat for the environment. In industrial wastes it is usually presented in its
hexavalent form Cr(VI), which is known to be very toxic for plants and animals at
high concentrations due to its high solubility, mobility and oxidizing potential.
Besides, Cr(VI) is classified as human carcinogen by regulatory and non-

regulatory agencies!®.

Cr recovery from aqueous solutions is therefore a real environmental and healthy
challenge. Considering that Cr(VI) solubility is substantially high (e.g., Na>Cr07 =
2355 g L'! at 20 °C), Cr(VI) removal is often focused on reducing it into its less
soluble form Cr(II)!%€. In comparison of other methods (e.g. chemical
precipitation, electrodeposition), the natural biological processes have the
advantage of working in mild conditions of temperature, pH, and pressure (i.e.
25°C, pH 7 and 1 bar). Cr(VI) has a high mobility in water and soil, making the
uptake by microorganisms (prokaryotic and eukaryotic cells) very accessible'®’.
Besides, Cr(VI) bio-reduction seems to be very stable against re-oxidation!¢®,
Moreover, usually the biological species are indigenous species, which have access
to all nutrients for their growth in their native environments. Microbial interactions
with Cr(VI) may involve biosorption, intracellular accumulation, redox
immobilization, among others. The (bio)synthesis of these precipitates as added-
value functional materials have been rarely discussed. Chromium oxide
nanoparticles Cr2O3 for instance have been reported as promising anode material
for lithium ion batteries due to its high theoretical capacity (1058 mAh g™') and

relatively low operating voltage compared to other transition metals'®. The
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synthesis of bacterially-induced metallic NPs as catalysts for electrodes materials

appears as an eco-friendly and scalable method.
I1.3.2 Microbial system assessment
a. DOE matrix
Experimental
Inspired on the previous DOE for gold, a Cr recovery screening was evaluated with
a 1/8 fractional factorial design matrix (Resolution III, 27%). 7 factors with two

levels each were selected to evaluate the Cr removal efficiency (7c¢,) (Table I1.7).

Table I1.7. Orthogonal experimental design matrix applied for 27 DOE

Experimental Factor

order Medium {n C;IL 1 Xéizz?;rophlllc PH ODs1o e-donor cell-type
| NacCl 15 Microaerophilic 2 1.3 H»>? CH34

2 M9 75 Microaerophilic 2 0.65 Lactate® CH34

3 NaCl 15 Aerobic 2 0.65 Lactate® MR-I1

4 M9 75 Aerobic 2 13 H»* MR-1

5 M9 15 Microaerophilic 7  0.65 H»? MR-1

6 M9 15 Aerobic 7 13 Lactate® CH34

7 NacCl 75 Microaerophilic 7 1.3 Lactate® MR-1

8 NaCl 75 Aerobic 7 065 H»? CH34

“Lactate concentration = 10 mM

bH; in saturation (=0.9 mM at 25°C)

¢ The specific composition of the corresponding headspace is further detailed in Table 11.8.

Serum bottles (120 mL) were filled with 50 mL of metal solution containing
0.15 N NacCl at the metal concentration specified in the DOE. Metal solutions were
prepared from a potassium dichromate (K>Cr»O7) stock solution of 5 g L! Cr,
which allowed to maintain a systematic protocol. pH was adjusted with either
NaOH or HCI and bottles were plugged with thick butyl rubber stoppers and sealed
with an aluminum crimp. Reactors were then autoclaved at 121°C for 21 min. Air
or N> headspace was set according to conditions described by the matrix and
measured by gas chromatography (description in Annex 1-E). Electron donors
were supplied, either to the solution (sodium lactate to 10 mM) or at the headspace
(H2 gas at saturation, =~ 0.9 mM at 25°C). Initial gas conditions are presented in

Table I1.8.
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Table I1.8. Average headspace conditions at the beginning of the experiments.

Condition N; (%) 0, (%) H; (%)
Aerobic 78 21 0
Microaerophilic 97.6 24 0
Aerobic + H» 30.9 8.4 60.2
Microaerophilic + H» 34.1 1.7 62.5

The total balance of the gas composition is not necessary 100%, due to an intrinsic
error of the gas chromatograph detector. The electron donor consumption was
calculated as initial difference between the initial and final H» concentration,
divided by the initial H> concentration. Cells were finally inoculated according to
Table II.7 and reactors placed on a 28°C incubator at with a rotatory shaker (KS
4001, IKA, Germany) set at 120 rpm.

A mass balance estimation of chromium is given by Equation II-20. It considers
the initial total Cr ions (Cry) measured by ICP, the Cr(VI)in so1. measured by UV-vis
(Annex 1-C). Cr; represents the filtered samples taken at different times and
measured by ICP. Considering the closed system and the high solubility of Cr(VI),
the total Cr removal from the solution is assumed to be retained by bacteria
(Equation II-21). Finally, residual Cr ions that are no longer in its hexavalent form

but were not removed from the solution (Crreduced in sol.) are deduced from the mass

balance.
Mass balance CTO = CT(VI)in sol. + Crreduced in sol. + Crbacteria (11'20)
Where CTpacteria = Crog — C1 (I1-21)

Chromium removal efficiency was calculated as the difference between the initial
and final metal concentration, divided by the initial concentration (Equation I-3).
Total Cr concentration at the beginning of the experiment (to), at 1 h and 96 h were
evaluated by ICP (description in Anmnex 1-A). Cr(VI) removal (nc,) was also
evaluated over time and the Cr(VI) removal efficiency (nc-p), given by equation

(11-22)).

Crg —C (Vl)inso.
Nery = (11-22)
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Post-DOE characterization
After the experiments, cells were characterized by TEM (description in Annex 1-B)

and compared to cells controls that in absence of chromium (Figure I1.15).

Cupriavidus
metallidurans CH34

Figure I1.15. TEM results for each of the reactors. ROc and ROs represent bacterial
controls without metals for CH34 (white) and MR-1 (yellow), respectively.

The bacterial before exposition to Cr were set as controls (R0Oc and R0s), which
show rounded and bacillus shapes, the last typical of the strains employed with
variations that could arise due to the different stage of the cells. C. metallidurans
CH34 at pH 2 and microaerophilic conditions (R1 and R2) exhibited a damaged
external membrane and swollen inner parts. The acidic pH stress of this strain has
been already sensed in its cell membrane without modifications on its size or
shape!”’. Interestingly, this strain at pH 7 (R6 and R8) showed ultrastructural
damage with clear variations in their morphology as an atypical stress response.
Considering that both had an oxygen presence, a stress by intracellular
oxidative events could explain these shape variations!’’. S. oneidensis MR1 in R3
and R4 kept the membrane intact despite the pH 2 and aerobic conditions in the
experimental set-up. Nevertheless, the cells are not viable for active Cr(VI)
removal mechanisms since the concentrations are above the Minimum Inhibitory
Concentration (MIC for S. oneidensis MR1=0.05 mM)!”!. It is therefore important

to differentiate between integer cells, i.e. with intact cell membranes, and viable
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cells, which can normally reproduce themselves. Finally, at pH 7 and
microaerophilic conditions (R5 and R7), S. oneidensis MR1 cells showed a higher
contrasting in black electron-dense segregated particles resembling Cr precipitates,
i.e., presented as spheres adsorbed on the external surface or cumulated inside the
nucleus. S. oneidensis has already been reported to form similar precipitates,

172 and intracellularly!”® by means of TEM micrographs.

identified extracellularly
They can be originated from by direct blockage of the uptake system, or by an
active resistance mechanism involving a chromate efflux from already assimilated

Cr inside the cell'7!-174,

DOE results in terms of total Cr and Cr(VI) removal
Following on, the performance of the microbial system was evaluated for 96 h via
the maximum metal recovery efficiency (7c¢,) and presented in Figure I1.16A. The

relative abundance of Cr in the reactors at 96 h is presented in Figure I1.16B.
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Figure I1.16. A: Total Cr removed from the aqueous solution; B: Relative

abundance of Cr elements in reactors at 96 h.

A Cr removal efficiency above 25% in 1 h was observed in most of experiments
with C. metallidurans CH34 (e.g. R1, R6 and RS8), which is relatively high
compared to the other experiments conducted (Figure II.16A). After 96 h, these
reactors only increased chromium removal at about 5% more from the first hour.
Experiments with S. oneidensis MR-1 (R3, R4, RS and R7) had a pronounced
increase in chromium removal between 1 h and 96 h. A progressively

accumulation of Cr inside the cell has been previously reported!®®. R5 in particular
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had 53.5% of Cr removal with a low cell concentration of S. oneidensis MR-1,
initially exposed to 15 mg L' Cr(VI), at pH 7, in microaerophilic conditions and
presence of Ha. This represented the highest recovery value among all other tested
conditions. As Cr ions are removed from the aqueous solutions by interactions
with bacteria, it is suggested that S. oneidensis MR-1 had a better performance

against C. metallidurans CH34.

Based on the estimated mass balances, the conditions stablished in the DOE were
not very promising as most of the reactors had more than 50% Cr(VI) remaining in
the solution (Figure I1.16B). Nevertheless, there were important differences in the
Cr distribution on each reactor at the end of the experiments. RS and R7 had the
highest Cr microbial uptake, both in a microaerophilic environment, at pH 7 and
with S. Oneidensis MR1 inoculated. The remaining Cr was found as Cr(VI),
suggesting that either Cr was not necessary reduced or that the reduction involved
Cr immobilization by the bacterial cellular matrix. Most of the trials with lactate as
electron donor (e.g., R2, R3, R7) showed a fraction of Cr reduced in solution.
Lactate is a known reducing agent for Cr(VI) reduction'’?, which doesn’t imply Cr

precipitation but at least reduces its solubility and toxicity'”.

Statistical analysis
The statistical analysis regarding the effect of each factor on the chromium removal

as variable response is presented in Figure 11.17.
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Figure I1.17. Effect of each factor for response variable nc,. Values are normalized

by the most significant effect, in this case is the pH.
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Lenth’s method for non-replica analysis showed that the margin error has a higher
effect compared to the chosen effects at the studied conditions. This suggests that
from the DOE matrix (Table I1.7), there are no effects that stands out over others.
Further studies in replicates for DOE or surface response methodologies should be
extended for statistical analysis of the effects here illustrated. An ANOVA analysis

was therefore performed to identify the main effects on the ncr (Table 11.9).

Table I1.9. Main effects for maximizing nc.. Results are given in absolute values.

: . max(n)
Variance analysis - -
Anoxic/oxic pH OD Cells type

SS group -4.97 6.19 5.65 -3.68
SS Error 0.05 0.05 0.05 0.05
p-value 0.006 0.005 0.005 0.008

Based on the SS group results, anoxic conditions (level -1), pH 5 (level 1), an
ODs1onm = 1.3 (level 1) and the presence of S. oneidensis MR-1 (level), maximized
the chromium removal. The choice between H» or lactate as electron donor was not
relevant, neither the Cr concentration nor the medium. Besides, the sum of squares
of errors represented only 1% of the total variation and p-values were lower than a
significance level (5%). A second DOE with these four factors and a higher
resolution could be interesting to formulate an empiric model. To complement the
analysis, pH, conductivity and e- donor evolution for each of the trials were also

measured (Table 11.10).

Table I1.10. pH, conductivity (c), H2 or lactate evolution from the DOE. NaN

were not measured values.

pH 6 mS cm’! % nNep
Reactor
Oh 96 h Oh 96 h 96 h
1 2.06 2.03 22.4 22.8 13
2 195 NaN 16.82 NaN 29
3 2.06 2.04 21.5 22.6 19
4 2.06 NaN 1553 NaN 7
5 6.90 7.00 9 10.5 13
6 693 6.99 8 9.9 47
7 691 NaN 17.70 NaN 33
8 691 NaN 1730 NaN 13
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From these results, it is inferred that bacteria participated in the Cr(VI) removal
without expressing any significant pH or conductivity change. The use of initially
intact bacteria in their stationary phase pose an advantage against other techniques,
as chromium was removed by this “biological reagent” which occupy rather
smaller volumes, thus, reducing sludge post-treatment compared to a direct
chemical Cr precipitation. The e donor consumption firstly shows that they were
not completely depleted and therefore interpretated as no-limiting factors. Ho»
consumption is relatively similar in RI, R4, R5 and R&8, whereas lactate

consumption is relatively higher in R6 (47%) compared to R2, R3 and R7.

b. Study case based on R5 conditions

Further tests were carried on based on conditions of RS, as it showed the highest
Cr(VI) removal with presumable presence of nano-precipitates: S. oneidensis MR-1
(equivalent ODg10nm=0.65), 15 mg L' Cr(VI), at pH 7, in microaerophilic
conditions and presence of H,. Duplicates and abiotic and heat-killed controls were
analyzed. ncr, ncrvy, cells integrity measured by flow cytometry (description in
Annex 1-D), and H> consumption were followed. Electron donor consumption
(ngp) was calculated based on the same principle (description in Equation 11-23),
where ED, and ED, are the electron donor concentration at the initial and final
sampling of the experiments. They were measured by either by the HPLC in the
case of lactate (Annex 1-G), or by the relation between the gas composition and

Henry’s Law for the Ho.

Electron donor consumption 1ngp = (EDy — ED;)/ED, - (I1-23)

Chromium removal efficiency (nc,), Cr(VI) removal efficiency (nc-vpy), cells

integrity and H> consumption are presented in Figure I1.18.
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Figure I1.18. A: chromium removal efficiency evolution; B: Cr(VI) removal yield;
C: cells integrity; D: e- donor consumption at 96 h. Conditions: 15 mg L™ Cr,
microaerophilic, pH 7, Hz presence and ODs10=0.65. T1 and T2 represent
replicates and media the average tendency, C1 the heat-killed cells control and C2
the abiotic control.

Dynamic Cr removal in conditions of RS in duplicates (T1, T2), compared with
heat-killed cells (C1) and abiotic controls (C2), is presented in Figure II.18A.
Duplicates with a difference of achieved a maximum removal efficiency of 31% at
96 h, lower than the expected from the DOE (53.5%). The intense samplings could
be responsible of variations on the system, e.g. hydrogen release, pressure and
volume change. In addition, the abiotic control removed only up to 2% Cr,
suggesting that H> alone was not the main driving agent. A limited removal
(<10%) was observed using heat-killed cells, confirming an active part by the
initially viable cells. The transport of dichromate ions has been previously reported
for S. oneidensis MR-1 when initially active cells were tested'’*. Cr(VI) efflux
pumps have been identified in active mechanisms such as detoxifying reactive
oxygen species, repairing of DNA lesions, sulfur metabolism, and iron

homeostasis'’®!77,

J. Anaya | Microbial Electrochemical Technologies for metal recovery.



61 | Chapter II | Microbial gold and chromium

Cr(VI) removal (nc,vp) presented in Figure I1.18B shows that duplicates (T1 and
T2) had a relatively fast reduction within the first 24 hours, followed by a pseudo
stabilization. This is a common behavior from sorption agents, where metal
pollutants attach to the surface of dead, inactive or live biomass'®’. Initially viable
cells would be suitable considering the low removal rate of Cr(VI) in presence of
heat-killed cells (C1) and in absence of bacteria (C2). H> can eventually act as
reducing agent at high temperatures, but heat-killed cells are probably better to
avoid as the heat treatment disintegrates the binding sites of cells, limiting

drastically the metal sorption.

The cells integrity behavior displayed in Figure I1.18C reveal a drastic decrease
on the percentage of integer cells during the first hours, most likely related to the
toxic effect of Cr(VI). In viable cells, Cr(VI) crosses easily biologic membranes
through non-specific anionic channels predominately as an chromium anion (e.g.
CrO4*)'75. Once inside the cells, Cr (VI) is rapidly reduced by several cellular
reductants (e.g. glutathione, ascorbate and cysteine)!’>. Consequently, unstable Cr
forms such as Cr(V) and Cr(IV) as well as the stable Cr(IIl) are produced at the
intracellular level. These oxidation states of Cr are able to bind to proteins and
DNA, causing gene mutations, chromosomal aberrations, altering the normal cell
cycle and inducing genes responsible for cells auto-destruction, also called
apoptosis!’>. Mostly non-integer cells would be therefore responsible for the
subsequently total Cr and Cr(VI) removal. A passive mechanism is therefore

suggested as main mechanism after the first hours of experiments.

Finally, H> calculated consumption is presented in Figure II.18D. Duplicated
treatments consumed 27% and 33% respectively, confirming that the electron
donor was not a limiting factor. However, C1 and C2 controls used 31% and 24%
of H> respectively. Sampling effect and the H» volatility despite the hermetic
conditions could be responsible of such variations. Even if Hz has been speculated
to play an important role for metal reduction'’®, the resulting H> consumption is

not representative to confirm its effect on the Cr reduction.
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Post-experiments analysis
Raman experiments on bacterial cells were performed to characterize the CrNPs
(description in Annex 1-H). Raman spectroscopy results from bacteria after the

study case based on R5 conditions are presented in Figure I1.19.
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Figure II.19. Based on R5 conditions, Raman spectra for: (a) initially viable S.
oneidensis MR1 in presence of chromium, (b) duplicate, (c) control with initially
heat-killed cells in presence of chromium. (d) control with S. oneidensis MR1 in

absence of Cr. & = Cr(III), ® = Cytochrome — c, 8 = Cr(VI), ® = glycine.

A detailed list of fitted peaks is presented in Annex 2-B. Raman spectra of
bacterial cells usually contain several peaks corresponding to carbon-carbon
bounds (C-C), e.g. lipids, nucleic acids, DNA and amides'’. Here, characteristic

peaks of: Cr(VI) at 845 cm™ and Cr(Ill) at 605 cm™ were observed in the
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spectra!’3. Cr(III) oxides could be interesting products as precursors for anodes in
lithium ion batteries'®, but this technique is unfortunately limited by the poor
signal of chromium compared to the bacterial cell. Clearer CrNPs peaks were
previously observed in S. oneidensis by adding AuNPs on the cell surface before
the Raman treatment!’3. If Cr(III) presence is confirmed in initially viable cells, a
resistance mechanism would be responsible of the bio-reduction. It starts by a
bacterial chromate uptake through sulfate transporters, which occurs due to the
structural similarity of chromate and sulfate ions'’?. Once inside the cells, Cr (VI)
is rapidly reduced by several cellular reductants as a resistance mechanism (e.g.,
glutathione, ascorbate, cysteine and glycine)!”®. Characteristic peaks of glycine
were indeed identified in initially viable cells spectra. Cytochrome-c, also
identified by Raman, has been associated with Cr(VI) in Shewanella species'®®.
Consequently, unstable Cr forms such as Cr(V), Cr(IV), and Cr(II), as well as the
stable Cr(III), could be produced intracellularly'®®. These oxidation states of Cr
can bind to proteins and DNA, causing gene mutations, chromosomal aberrations,
altering the normal cell cycle and inducing genes responsible for the auto-
destruction of cells, aka apoptosis'®®. The toxic effect of Cr(VI) would be

definitely a problem to keep an active reduction mechanism. Therefore, the use of

a cathode as electron donor for Cr abiotic reduction becomes interesting.

11.3.3 Microbial electrochemical chromium assessment

Set up

The microbial electrochemical configuration to evaluate Cr removal used the
parallel Perspex frames reactors previously described (Figure I1.9). Catholyte
conditions were based on the microbial experiment RS5: S. oneidensis MR-1
(equivalent ODg1onm=0.65), 15 mg L' Cr(VI), at pH 7, in microaerophilic
conditions and presence of Ho. The catholyte was firstly sterilized at 121°C for 21
min and purged with N2 (Linde, Germany) for 15 minutes. Planktonic cells were
inoculated into the catholyte from a concentrated bacterial stock in sterile
conditions without provision of any additional carbon source in the system. The
anolyte consisted of a 0.15 N NaSO4 aqueous solution, at a set pH similar as in
the cathodic compartment (adjusted with 1 M H2SO4 or 1 M NaOH). Anode and

cathode were composed of a stainless-steel mesh (AISI 316L mesh size 495 p,
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2. Electrodes were

Solana, Belgium), with a projected surface area of 4.8 cm
separated by a 64 cm’ cation exchange membrane (CEM, Ultrex CMI-700,

Membranes International, Inc., USA).

Recirculation of the cathodic and anodic electrolytes was set at 2.5 L h™! to assure
enough mixing in both compartments. It is worth mentioning that corrosion of the
stainless-steel current collectors was not observed during the experiments, likely
due to the low current densities achieved and circumneutral pH values. Applied
potentials and electrochemical analysis were controlled with a potentiostat

(Potentiostat/Galvanostat Model VSP, Biologic Science Instruments, France).

a. Abiotic electrochemical characterization of chromium

A catholyte mimicking the experimental conditions of RS, i.e., 15 mg L' Cr(VI),
pH 7, microaerophilic environment was firstly characterized through CV
measurements. Cyclic voltammetry tests (CVs) from 120 mV s™! to 1 mV s were
recorded, between the cathode and reference, to identify abiotic electrochemical

reactions (Figure 11.20).
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Figure I1.20. CV on stainless steel cathode in absence of bacteria. Catholyte: 15
mg L Cr in M9 medium, pH 7, 28° C, recirculation 2.5 L h'!. Anolyte: 0.15 N
Naz2S04.
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Three well-defined regions corresponding to electrochemical reactions are

perceived from 20 mV s™! to 1 mV s™!. Cr reduction has however a very complex

electrochemistry, with at least 55 possible reactions as defined by the Pourbaix

diagram of Cr in an electrolyte containing chloride ions (Figure II.21

)152.

According to the Cr ionic speciation (Annex 2-B)'3! the soluble Cr(VI) ion from

the dichromate salt has a preferential speciation of HCrO4 and CrO4> anions at

neutral pH. Cr.07" anions are mostly present in acidic conditions!®!. Based on these

ions, a series of possible electrochemical reactions is summarized in Table II.11.
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Table I1.11. Simplified list of redox
reactions linked to Cr(VI) reduction from
HCrO. and CrO4* anions'>2,

Description N° Redox couple E°*

Cr(VI) ion / 1 HCrOy4/ Cry03 0.67
Cr(I1I) solid 2 CrO4* / Cry04 0.66

3 HCrO4/Cr** 038
Cr(VI) ion / 4 CrO4*/ Cr¥* 0.37
Cr(llion 5 CrO2/CrOy  0.39

6 CrO4* / CrOz* 0.08
Cr(VI)ion/ 7  HCrOs/Cr  -0.20
Cr(0)solid 8  CrO&/Cr®  -0.20
Cr(III) ion / 9 Cr¥t/ Cr¥ -0.40
Cr(IT) ion 10 CrOy / Cr** -0.47
CrdDion /=y cpe o 097

Cr(0) solid

* E° (V vs. SHE) values are corrected at pH 7 and
15mgL!Cr.

Figure I1.21. Pourbaix diagram for a chromium-water system at 25°C in presence

of chloride ions!2.

From the CV results (Figure I1.20), a first region from 0.4 V to 1 V vs. SHE/V fits

with the standard potential of the reduction of Cr(VI) to Cr(IlI), corresponding to

reactions N° 1-6 from Table I1.11.The difference between the anodic and cathodic

peak potentials (AEp) is considerably higher than 57 mV, indicating a degree of

irreversibility'*®. Both solid and ionic forms of Cr(IIl) could appear. A second

region predominates between 0 V and -0.6 V vs. SHE. It has a slightly higher

current response and fits with the standard potential of reactions N° 7-10, where

Cr(VI) is reduced to Cr(0). This is not an elementary reaction, which means that

intermediate species such as Cr(IV), Cr(Ill) and Cr(Il) can be present. The
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electrochemical stability window of the electrolyte may also be compromised (E°
a+m2 = -0.41 V vs. SHE at pH=7). The third region of cathodic evolution from -0.7
V vs. SHE includes H> evolution and eventually metallic Cr electrodeposition
(E°cranicro = -0.97). At these cathodic potentials, the process may become very
energy intensive. Therefore, Cr(VI) removal from aqueous solutions is often based
in a two steps process, where Cr(V]) is firstly reduced to Cr(IIl) and subsequently
precipitated with a complexation agent (e.g., EDTA!®?) or adjusting the pH to form

for instance insoluble Cr(III) hydroxides'®3.

b. Bioelectrochemical system

Total Cr and Cr(VI) removal assessment

The proposed BES technology is inspired on this principle but uses bacteria as
driving agents for the Cr precipitation in a nanoscale. Chronoamperometry tests
were performed on a BES at -0.8 V vs SHE and compared to an abiotic control (C1)
and a biotic control with no polarization for 24 h (Table 11.12).

Table I1.12. Bioelectrochemical configuration tests.

Experiment (0))) [Cr] mg L. Ecathoae V vs. SHE

Cl 0 (Abiotic) 15 -0.8
C2 1.3 75 ocv
T1 1.3 15 -0.8

The choice of -0.8 V vs. SHE relies on the assumption that at this potential Cr(VI)
will be electrochemically reduced. The chromium removal efficiency
(Figure II.22A), the Cr(VI) removal efficiency (Figure I1.22B), and energy

consumption (Figure I1.22C, based on equation (II-18)) were evaluated over time.
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Figure I1.22. Chronoamperometry results with non-polarized cathode (OCV),
abiotic and BES, both with a cathode polarized at -0.8 V vs. SHE. A:Total
chromium removal (n¢); B: Cr(VI) removal efficiency (ncrvy); and C: consumed
energy over time. OCV and BES tests were inoculated with S. Oneidensis MR1,
ODé610nm = 1.3.

In 24 h, the proposed BES system achieved 76% and 61% of Cr(VI) removal and
total Cr removal respectively. In the same conditions (i.e. 15 mg L! Cr, at pH 7, in
a microaerophilic environment and with S. oneidensis MRI1 inoculated to an
ODg¢1onm of 0.65), the microbial system removed only 17% Cr at 24 h (Figure
I1.18). If the reactor configuration effect is negligible, BES performance was
considerably higher than the microbial system. A negligible Cr removal in biotic
control (OCV) and a lower Cr(VI) removal in the abiotic control (maximum nc,oy=
31%) reinforce the interest of combining bacteria and the electrochemical system.
Besides, Cr(VI) (bio)reduction products seem to be more stable against re-

oxidation.

Microbial reduction of Cr(VI) to Cr(III) from low Cr-content streams is a promising
treatment. The toxic effect of Cr(VI) on microorganisms could be limiting as it
affects their metabolism and viability?’. Interesting strategies have completely
reduced Cr(VI) from catholytes in two-chamber BES, driven by bioanodes in a Cr-

free chamber®”?%184  Others, directly reduce Cr(VI) with biocathodes inoculated
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88,185 Moreover, Cr removal is still very

with a Cr adapted bacteria consortium
challenging. Li et al. °° reported 66% of total Cr removal from a 204 mg L' Cr
solution at pH 2.5 with a system coupling an abiotic cathode with a bioanode. The
low catholyte pH seemed to affect the bioanode’s performance. Huang et al.®®
removed 46% Cr from a 39.2 mg L' Cr solution with biocathodes at pH 7. Cr(VI)
(bio)reduction pathways could have favorized the formation of soluble chromium
species. Here, Cr precipitation with suspended cells and a polarized cathode aimed
to add a new possible pathway for Cr(VI) reduction and further precipitation.

Optimized cathodic potentials and cell mass concentration could enhance the Cr

removal.

Energetic balance

Figure I1.22C shows a lower energy consumption from the BES compared to the
abiotic control. Their cathode polarization led to a cell voltage of about 2.4 V
during the experiment in both trials. 0.8 kJ was consumed by the
bioelectrochemical system during the 24 h, representing only half of the abiotic
consumption. The equivalent of 1 kg Cr “produced” would have needed 129.5 MJ
with the BES, which is considering high compared to 40.2 MJ kg™! consumed by
conventional techniques'®. The Cr dilution factor is not considered in this
comparison, but an optimized energy consumption can be achieved with a further

study focused on the cathodic polarization.

Cr nanoparticles synthesis
S. oenidensis MR1 cells were characterized by TEM after the BES experiment

(description in Annex 1-B). Results are presented in Figure I11.23.

Figure I1.23. TEM of S. oneidensis MR-1 after 24 h of operation in BES.
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S. oenidensis MR1 cells with electron-dense particles of 19 nm to 36 nm
surrounding the cell walls were observed. The nature of these particles needs to be
confirmed by EDX or RAMAN, but they are similar to chromium nanoparticles
(CtNPs) previously reported!’>. An extracellular bioreduction of Cr(VI) and
subsequent extracellular precipitation of Cr(III) nanoparticles has been observed in
S. oenidensis MR1 as a resistance mechanism against the toxic effects of Cr(VI)!"2.
Here, Cr(VI) reduction induced by a polarized cathode in presence of initially
viable cells could offer a new alternative for Cr removal and CrNP synthesis. The

need of an active resistance mechanism to drive the process still needs to be

elucidated.

11.3.4 To sum up

The screening study aimed to determine the significant factors to maximize the Cr
removal from a low content solution containing Cr(VI). A microbial system
achieved a maximum Cr removal of 53.5% after 96 h, with the experimental
conditions of R5 (i.e. 15 mg L' Cr, pH 7, M9 medium, microaerophilic headspace
and H: as electron donor). pH and oxygen statistically had the highest impact on the
Cr removal, whereas the medium (either M9 or NaCl) had the lowest. Nevertheless,
none of the factors resulted statistically important in the non-replica experimental
conditions. This doesn’t proof that the parameters do not influence the Cr removal.
However, revaluations in replicates or surface response methodologies could reveal
some insights. Cr(VI) and Cr(III) nanoparticles attached to bacteria are suspected to
be observed by TEM and identified by its characteristic peaks in Raman

spectroscopy.

A catholyte mimicking the experimental conditions of R5 was employed to evaluate
the microbial electrochemical system. Despite the number of reversible reactions
involved in the Cr(V]) electrochemical reduction, the BES was able to remove 76%
of Cr(VI), of which 61% was removed and therefore assumed to be retained by
bacteria. Finally, the presence of Cr(IIl) nanoparticles needs to be confirmed before

assuming any added-value product.
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II.4 Conclusions & perspectives

This chapter explored the feasibility of a new BES configuration where cathode
plays a role of electron donor for metal removal from low metal content streams
with further agglomeration as metallic nanoparticles. Two separated cases were
studied: the first one with gold and the second with chromium. A screening
experimental plan provided with essential insights about the suitable conditions
and the understanding of bacteria-metal interactions. Then, the coupling of
planktonic cells and a polarized cathode as a new bioelectrochemical approach was

examined. Conclusions related to each case are summarized as follows:
Gold

(1) The first screening experimental plan conduced to a high gold removal
efficiency (up to 92.8%) and the synthesis of AuNPs of sizes from 8§ nm
up to 112 nm in 72 h in presence of S. oneidensis, H» as electron donor
and anaerobic conditions.

(11)  Initially viable S. Omneidensis MR1 and C. metallidurans CH34 were
very versatile towards gold immobilization, retaining metals at a
nanoscale under conditions undesired for their metabolism.

(111) The cathodic polarization at -0.3 V vs. SHE accelerated the metal
removal to 95% in 24 h and led to the synthesis of 18 = 2.7 nm AuNPs.

Chromium

(1) The experimental plan conduced to a relatively low Cr removal
compared to results obtained with Au (up to 53.5% in 96 h). The
removal capacity of S. Oneidensis MR1 and C. metallidurans CH34
must depend on the nature of the metal and its toxicity towards
microorganisms.

(i1) A first active mechanism of Cr accumulation followed by of a passive
biosorption is speculated to represent the interactions between S.

Oneidensis MR1 and chromium at pH 5, in anaerobic conditions and
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presence of H:. Potentially added-value Cr(III) nanoparticles were
attached to the initially viable bacterial cells.

(ii1))  The cathodic polarization at -0.8 V vs. SHE enhanced and accelerated
the Cr removal up to 61% and 76% Cr(VI) removal in 24 h. Besides,
electron-dense particles resembling to chromium nanoparticles are

observed surrounding the bacterial cell walls.

Synthesis of metallic nanoparticles by microbial-mediated technologies constitutes
an attractive route for metal recovery from secondary sources. It opens a new
spectrum of industrial applications from catalytical compounds to lithium ion
batteries. Consequent research can focus on a more detailed bioelectrochemical
system characterization, involving different cathodic potentials or including real
waste streams. The characterization of the metallic nanoparticles would

complement this by evaluating their potential for industrial applications.
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CHAPTER III

Gas-Diffusion Electrode coupled with
halophilic bio-anodes for metal

recovery from marine environments

James Cameron’s deep-sea challenge to the deepest point on Earth, National Geographic, 2012.
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III.1 Introduction

As it was pointed out in Chapter I, our society are facing a metal supply risk due
to our unsustainable metal usage and treatment. Microbial-based technologies are
highlighted as potential low resources demanding alternatives for metal recovery.
Chapter II proposes an eco-friendly technology based on metal-bacteria
interactions together with an electron donor supply (e.g. Ha, lactate, electrode). It
aimed to recover added-value products from the recovery treatment such as

metallic gold and Cr(IIT) nanoparticles.

Several unconventional resources are appealing as alternatives to conventional
mining, like secondary matrices (e.g. industrial and urban wastewater, e-waste)
and natural extreme environments (e.g. marine sediments, geothermal brines). As
James Cameron dived to the deepest point of the oceans in 2012, many mining
companies are exploring the depth sea all over the world to find metal resources to
exploit. Chapter III focuses on marine environments and introduces a microbial
electrochemical technology based on gas diffusion electrodes (GDE) developed at
VITO (Mol, Belgium). These carbon-based electrodes catalyze the formation of
intermediate species (e.g. OH", H2O2) for metal precipitation. A special focus is
made on targeting REE because of their economic importance and supply risk. The

technology feasibility is evaluated with and without an energy input.
This chapter is the result of a collaboration between the GDEx team at VITO and

LEPMI. It was financially supported by the French Ministry of Education and
VITO.
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II1.2 Metals in marine deposits

I11.2.1 Context

Marine resources have been exploited on small scales for thousands of years. It is
only from the last century that large-scale marine mining processes have
extensively grown to recover oil, gas, sand and some heavy metals beyond the
beach!®S. The prospect of deep-sea mining started from the latest 1960s, when

187 Marine sediments

promising metal reserves were estimated all over the oceans
stood out with a tremendous potential for future primary metal mining. The largest
deposits have been found in the Pacific Ocean (Figure III.1), even though
important sites are identified in the Atlantic, Indian and Arctic Oceans'*8,
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Figure III.1. Main mineral marine deposits found so far around the world!%%.

Nowadays, the European Commission estimates that 5% of the world’s minerals
could be sourced from the sea floor by 2020'%°. Metal mining is already taking
place in continental shelf areas at relatively shallow depths in New Zealand waters
and is expected to start in deeper sites like Solwara 1, Papua New Guinea in
2019'%8. The interest on accelerating the marine metal mining relies on the rising
demand of metals and the economic potential of explored reserves. This economic

potential is clearly related to the metal diversity and abundance.
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II1.2.2 Metal deposits in marine environments

The importance of metal mining from marine environments relies in the fact that
they can yield up to 10* times the desirable minerals of land deposits'®. Besides,
deposits on the seafloor contain a large variety of metals from base metals (e.g.
Cu, Fe, Mn) to heavy metals (e.g. Pb, Co, Zn) and precious metals (e.g. Au, Ag,
REE). Their geological formation and environment will determine the types of
minerals and thereby the metals present. A summary of the main marine deposits

and their characteristics is described in Table 111.1.

Table I11.1. Metal deposits in the ocean (values taken from Anhert ez al.'?!).

Main Depth (m)* Mode of Amount/site
metals occurrence
Sulfide-based Cu, Fe, Mn, 1400 — 3700 Mounds/ 10*to 10° t
deposits Pb, Zn, Au, chimneys (10 -
Ag 100 m)
Fe-Mn crusts Fe, Mn, Co, 800 — 2500 Thin coated 5x10'0¢
V, Mo, Pt layer (0.1 — 10
cm)
Fe-Mn nodules Fe, Mn, Ni, 4000 — 6000 2.5-25cm 5x10' ¢
Cu, Co spheres
REE-rich mud!®? REE 3000 2 — 70 m beds >10'"t

*Economically most valuable deposits depth

a. Sulfide-based deposits

Sulfide-based deposits are the result of chemical and thermal exchanges between
the ocean, the lithosphere and magmas. Deposits formed by hydrothermal vents are
in particular remarkable due to their mineralogical diversity (e.g. iron, copper and
arsenic sulfides, zinc-lead-silver ores, Mn and Fe oxides and native gold)'”?. These
hydrothermal vents are enclosed rocks formed at about 2km below the sea level
around volcanic arcs under the seafloor (Figure III.2). They expel fluids rich on
nutrients and a large variety of metals at high temperatures (up to 500 °C)!%3.
Besides, they host a variety of organisms (i.e. chemoautotrophic bacteria,

)194,195

tubeworms, mollusks and crustaceans . These organisms are acclimated to

hydrostatic pressures up to 60MPa.
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Figure II1.2. Hydrothermal generation of sulfide-based deposits'®>.

Some of these hydrothermal sites are known to host significant metal content. For
instance, estimations on hydrothermal deposits from Solwara 1 site in Papua New
Guinea are: copper (6.8 g/ 100 grock), zinc (0.4 g/100 grock), gold (4.8 ppm), and
silver (23 ppm)!°®. Nautilus Minerals, one of the main companies interested in
seabed mining, is planning to exploit this site and considers different treatments
for metal recovery depending on the mineral. At a laboratory level, copper from
chalcopyrites has been tested by conventional grinding-flotation processes'®’.
Besides, gold associated with pyrite is contemplated to be recovered via

7

conventional cyanidation!”’ a controversial hydrometallurgical technique due to

the cyanide toxicity but effective and cheap.
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b. Fe-Mn crusts
Fe-Mn crusts are thin layers of cm to dm thick formed by a slow accumulation of
colloidal particles on the slope of submarine mountains (hydrogenetic) and in some

190.198 * Crust deposits are predominately

cases also by hydrothermal processes
composed of amorphous FeOOH and poorly crystalline Fe-Mn bearing mineral
called vernadite'”. The concentration of each mineral changes depending on the
location but the main metals present in these crusts are manganese (13-27% wt)
and iron (6-18%)!°%1%°. They are often present in the limiting oxygen zone and
their mineralization is a complex process that involves the accumulation of
colloidal iron (FeOOH) and manganese (MnO2) under normal seawater conditions
(Eh>0.5 V; pH~8)!%%:20% These oxides may hydrolyze water at seawater conditions,

charging their surface very negatively in the case of MnO> and slightly positive in

the FeOOH (Figure I11.3).

Formation of Fe-Mn crusts
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Figure II1.3. Hydrogenetic formation of Fe-Mn crusts'®,

Manganese oxides will therefore most likely adsorb dissolved cations (i.e. Cu®",
Co?*, Ni%*, Zn**, Ti") whereas iron oxides will adsorb anionic complexes such as
carbonates (i.e. REEE(CO3)*, UO2(COs)*), hydroxides (i.e. Hf(OH)s) and

oxyanions (i.e. MoO4>", HsTeO¢). This phenomenon promotes the enrichment of
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minor elements up to a factor 10°, thanks to the high internal surface area of these

minerals (>300 m?/g)!9%20!,

Fe-Mn crusts cover enormous seafloor areas at depths of about 400-4000 m,
although the most enriched crusts are present between 800 and 2500 m!°?. Cobalt-
rich crusts contain up to 2% cobalt and have been prioritized because of their
economic importance!®. Besides, they have an enormous potential for REE and
yttrium (REY) recovery with deposits containing up to 100 ppm yttrium and 1000

ppm of total REE contents?2,

¢. Fe-Mn nodules

Ferromanganese deposits, referred as nodules until the late 1970s and nowadays
distinguished as crusts and nodules, are both potential future resources of a large
variety of metals. Ferromanganese nodules are formed via hydrogenetic and
diagenetic precipitation!”!. As Fe-Mn crusts, nodules contain non-crystalline iron
hydroxides and vernadites in addition to other manganese minerals such as
todorike and birnessite!””. However, they are not necessary tightly attached to the

host rock as the crusts, facilitating its recovery!®®.

Large reserves of nodule
deposits were recently discovered under 5000 m of Japanese waters in the Pacific

Ocean (Figure 111.4).

Figure II1.4. Picture of Fe-Mn nodules and REY muds in the Pacific Ocean at 5458

m under the sea level presented.
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d. REE-rich mud

Rare earth elements (REE) have been found in marine muds with concentrations up
to 5000 ppm (higher than land mines) under nodule deposits (Figure I11.4). There
are enormous expectations about recovering metals from these muds as hotspots of
one square kilometer were estimated to contain 1.2 Mt of REE. These reserves
account for 62, 47, 32, and 56 years of annual global demand for Y, Eu, Tb, and
Dy, respectively?®®. All these recent discoveries have boosted the mining industry
to exploit the seabed minerals, but it still requires to overcome enormous

technological challenges.

II1.2.3 Technological challenges

The concept of deep sea mining is still not applied because of several
technological challenges. First, the extreme conditions (e.g. depth, temperature,
hydrostatic pressure, darkness, flow) are very difficult to work with?%*2% The
depth sea covers environments at sea level under 1000 m, where more than 100
bars of pressure is reached and where temperatures drop to 1-3°C, except for

volcanic environments?%°.

Mining at these conditions requires sophisticated
techniques for metal extraction, concentration and transportation compared to land

mining.

Second, marine deposits have to be pre-treated from the sea floor'*®!*?. Nautilus
Minerals, one of the main companies that want to exploit the sea bed, pretends to
submerge remotely operated vehicles to mechanically remove and collect ores out
of the seafloor!®®. The ores would be pumped up through a lifting system to a

support vessel and transported to land for offshore processing!'®” (Figure IIL5).
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Figure III.S. Metal mining process from polymetallic nodules and REY-rich

muds??’.

Third, the high risk for deep-sea ecosystems due to the noise, light, release of toxic
compounds and waste!'*®2%, Organisms living near the seabed, also called benthos,
will be affected by their ecosystem disturbance occasioned by the dredging
machines. Besides, dredged material generates sediment wastes, also called
sediment plumes, that compromise the ecosystems due to pollutants presence,

209210 Finally, the costs

exposure to increased turbidity and sedimentation
associated to the metal treatment, logistics, safety measurements, among
others?!!12 These costs must be balanced with the metal resources and therefore

a good knowledge of the marine deposits potential is mandatory.

Sustainable mining is a key element to focus on in order to disturb the minimum as
possible the seabed and marine life, to avoid the releasing of toxic elements and to
employ the less of natural resources. The aim of the study presented in this 3™
chapter is to develop a deep-sea mining process according to these principles. To
do so, a Gas Diffusion Electrode (GDE) is coupled to a bioelectrochemical system

(BES) and marine microorganisms are included to harvest the metals out of the

J. Anaya | Microbial Electrochemical Technologies for metal recovery.



81 | Chapter III | Metal recovery by GDE cathodes and halophilic bio-anodes

marine deposits with the less energy consumption as possible. Minerals lifting may
favorize the release of sediment plumes all over the water column and in situ
extraction of metals from the mineral deposits could mitigate this effect. This
chapter covers only the first phase of the project that considers the metal
precipitation proof of concept from a synthetic marine sediment already leached in
acid conditions. A second phase would subsequently focus on the feasibility of
bioleaching marine minerals in seawater conditions and deep-sea environments.
Based on that, a third phase coupling both processes could lead to develop the first

in situ deep sea mining technology.
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II1.3 BES/GDEx technology

III.3.1 General principle

BES has become a highly attractive technology for metal recovery. Even more if
the aqueous medium has a high ionic conductivity such as marine environments,
metal ions can be recovered by direct electrochemical reduction on the cathode or
by interacting with the final electron acceptor. The BES/GDEx technology
proposed focuses on the second approach, using oxygen as a final electron
acceptor (Figure II1.6). Electrons are transferred from a bioanode to a porous gas-
diffusion cathode via an external circuit while ions migrate through an Ionic
Exchange Membrane, in this case selective to cations. The oxygen reduction
results in H" consumption and OH" production, favorizing the precipitation of
metal hydroxides and oxides. The key value of this approach relies on
potentializing the array of the metals to recover regardless of the redox potential of
each metal. Besides, bioanodes can provide with enough energy to do so, an

enormous advantage as no energy inputs would be required.
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Figure II1.6. BES/GDEx technology for metal recovery.
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Bioanodes with the highest currents produced so far do not tolerate high salinities
and operate only in solutions of low ionic conductivity (<2 S m )23, To give a
point of comparison, conventional hydrogen production from water electrolysis
uses electrolytes with much higher conductivities (between 20 S m™' and 60 S
m ')?13, Marine environments give the opportunity to operate the BES with
relatively conductive electrolytes, thus reducing its ohmic resistance. Seawater
salinity, defined as grams of dissolved inorganic matter per kilogram of water and
expressed in parts per thousand (%o), is generally between 33%o0 and 37%o even at

214,215

deep conditions . Halotolerant bacteria from marine sediments have been

already tested in highly conductive environments (>50 S m™!)?16:217,

A biofilm grown on the anode surface catalyzes the oxidation of organic matter, in
this case acetate, as electron donor (Equation III-1) and carbon source to provide
with energy to the BES while preserving the bacterial metabolism®*2!®, In marine
conditions it will be essential to have electroactive but also halophilic

microorganisms (tolerant to high salinity levels) attached to the anode.
CH3;COO™ + 4H,0 — 2HCO3 + 9H™ + 8¢ E°=0.187 V vs. SHE (II1-1)
The cathode developed by VITO?! catalyzes the oxygen-reduction reaction (ORR)

as intermediate reaction for further metal precipitation. This reaction can occur

under different steps depending on the pH:

At pH<7

O+ 4H" + 4¢” — 2H,0 E°=1.229 V vs. SHE (I11-2)
02+ 2H" + 2¢” — H20; E°=0.700 V vs. SHE (I11-3)
H>0, +2H" + 2¢” — 2H,0 E°=1.760 V vs. SHE (I11-4)
At pH>7

02+ H20 +4e” — 40H" E°=0.401 V vs. SHE (II1-5)
02+ H20 +2e"— HO2 + OH" °=-0.065 V vs. SHE (I11-6)
H>O0 + HOz + 2e” — 30H" E°=0.897 V vs. SHE ({1I1-7)
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Oxygen reduction consumes protons in acid conditions and produces hydroxides in
alkaline medium. As far as the reduction is continued, the pH is supposed to
increased. At a certain pH, metal ions (Me") become insoluble hydroxides and
oxides start to precipitate into metal salts. Equations III-8 and III-9 are simplified
examples of possible precipitations. Intercalation processes and other possible

insoluble metal phases can also take place (e.g. Melx(OH)yMe2,)*%°.

Me" + n OH" — Me(OH), (111-8)
Me" + 2HO," — 2MeO, + Ha (I11-9)

A great number of microbial electrochemical technologies have been proposed to

103,105,106

recover metals from varied metal-rich aqueous matrices They are

commonly based on the electrochemical reduction of each metal, allowing a sort of

selectivity as far as the cathode potential is controlled'®10

. This poses a
challenge for REE-rich aqueous systems, as they have very low redox potentials
(e.g. E°ce3+ice = -2.48 V vs. SHE; E°pr3+pr = -2.46 V vs. SHE; E°Nag3+/Nnag = -2.43 V
vs. SHE when the REE concentration is 1 M'*?). High energy requirements are thus
necessary. Besides, electrochemical reduction of REE has been conceived on non-

221 and ionic liquids®*?>. The metal

aqueous systems such as organic solvents
precipitation by the presence of hydroxides offers a new route as it recovers metals
regardless of their redox potential. As hydroxides could be also added to the
system, direct precipitation with strong bases (e.g. NaOH, KOH) could be also
conceived. The main problem of direct precipitation is generally the large amounts
of chemicals to increase the pH and consequent large sludge productions.
Considering that the species solubility is related to the nature of metal, its

concentration and pH?%, a selective metal recovery is possible as far as metals

precipitate at different pH.

Finally, a third chamber besides the GDE cathode supplies oxygen by circulating
air at a slight overpressure. In that sense, air diffuses through the GDE to the
catholyte to compensate the oxygen consumption and the low solubility of oxygen

in water.
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I11.3.2 Microbial electrochemical set-up

A hermetically closed H-cell with a three electrodes configuration was
implemented to study the feasibility of the BES/GDE technology (Figure II1.7).
The anode consisted of two rectangular carbon felt, each of them with a projected
surface area of 20 cm?, so a total area of 40 cm? was considered. The metal
recovery validation employed a circular GDE of 1.3 cm? diameter developed at
VITO?" as cathode. It was produced by film casting and phase inversion
process?!®, and composed of three layers: an electrochemically active layer of
activated carbon, a hydrophobic polytetrafluoroethylene gas diffusion layer, and a

stainless-steel mesh as current collector. The cathode was placed at approximately

10 cm of the bioanode facing the floor.

,
Bioanode Reference
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Air
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Figure I11.7. BES/GDE set-up.

The active carbon layer was facing the catholyte and the diffusion layer was in
contact with the air chamber. An Ag/AgCl reference electrode (0.2 V vs. SHE,
saturated KCl, REF321, Radiometer Analytical, Hach, USA) was placed next to
the anode as it was chosen as working electrode. Stainless steel current collectors
connected anode and cathode to the external circuit. A 10 cm? membrane cation

exchange membrane (CEM, Fumasep FKB PEEK reinforced M5720804) separated
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both compartments. Anolyte and catholyte had a total volume of 500 mL and a
constant magnetic stirring at 500 rpm assured a constant concentration in the bulk.
All the experiments were performed in batch conditions and at room temperature
and pressure. The third chamber was connected to a bottle of compressed air and to
an air flow controller. This chamber’s output had a tubing submerged into a water
column of 25 cm to favorize a slight overpressure. Oxygen is expected to diffuse in
the electrode diffusion layer and to react within the electrode active layer. Besides,
the cation exchange membrane should retain the oxygen passage from the

catholyte to the anolyte.

The initial biofilm growth step considered a 3 cm? long Pt wire as cathode. It is a
very stable and catalytic electrode that prevented from cathodic limitations during

the bioanode preparation.

I11.3.3 Halophilic bioanodes start-up

a. Experimental

Halotolerant microorganisms taken from marine sediment in the Netherlands were
inoculated in the anodic compartment of the microbial set-up described in Section
I11.3.2. The anolyte contained a culture medium solution based on the Starkey
medium?!3 (1mL per liter of trace elements; 2 g-L~! NH4Cl; 0.5 g-L™! K,HPO4; 40
mM NaCH3;COO; 30 g-L™! NaCl, ionic conductivity 48-52 S m™"). The catholyte
contained 30 g-L~! NaCl and in between them, the poly-sulfonated CEM controlled
cations migration between anolyte and catholyte. The carbon felt anode was

polarized at 0.43 V vs. SHE over a period of 120 days to reach a mature biofilm.

During this period, the anolyte was fed with concentrated sodium acetate (2 M)
and concentrated sodium hydroxide (2 M) at least once per week. This adjustment
was equivalent to 20 mM CH3COONa and a maximum anolyte pH of 8.5. The
anolyte was initially flushed with N> and the reactor was kept hermetically closed,
Even though the oxygen presence was not measured, the anolyte should have

turned anaerobic if the oxygen was depleted over time.
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b. Bioanode electroactivity

The initially marine microbial culture electroactivity behavior was studied by
following the current density (j) and pH over time (Figure IIL.8). To do so, the
anode potential was fixed at 0.43 V vs. SHE against the reference, an anode
potential previously reported in halophilic bioanodes?!3. j was calculated as the
absolute current measured divided by the projected surface area of the bioanode

(40 cm?), whereas the pH was constantly measured with a pH probe installed in the
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Figure IIL.8. Current density evolution and anolyte pH behavior during bioanode

growth. Bioanode was poised at 0.43 V vs. SHE.

Cycles where the current increases and decreases are distinguished. A continuous
feeding of substrate could maintain a constant current generation®*4, but the current
cycles were a good indicator of the bacterial electroactivity. Considering that the
oxidation of 1 mol of acetate releases 9 H' (equation III-I), the pH decreasing
tendency at every cycle was presumed to be due to the acetate microbial-
electrochemical oxidation. Instead of following the acetate concentration, pH and

current evolution were used as criteria to define the electroactivity of the bioanode.
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For instance, from 48" to the 55™ hour, pH tended to stabilize at 6.8. During this
time, the current had drop to a very low values (<1 A m™). Despite the possible
acetate presence in this region, the current generation was limited. Once acetate
concentration and pH were (re)adjusted with 20 mM acetate and 50 mM NaOH, the
current increased and non-limiting conditions had returned. In general, cycles
lasted more than one week at the beginning of the biofilm growth and became
faster over time. The biofilm was considered mature when it reached after several
cycles where the maximum current stabilized at about 4.1 A m™. This value is

213217 where a maximum current

relatively low compared with similar studies
density of 33.8 £ 17.3 A m™? was obtained at the same anodic potential. The
microbial community may be different, but a high effect of the cell configuration is
attributed to this response. In any case, electroactive and halophilic microorganism
were attached to the bioanode. Besides, high salinity media inhibits the
development of methanogenic bacteria, which normally reduces the efficiency of

targeted conversions?!®,

When the current production is related to microbial substrate consumption, the
biofilm is in turnover or non-starving conditions??>. Non-turnover or starving
conditions are therefore considered as the absence or low presence of substrate and

are observed when current reaches low levels??¢

. However, as the substrate
consumption was not followed within time, the terms non-limiting and limiting
conditions were preferred. These conditions were explored with other

electrochemical techniques: cyclic voltammetry and impedance spectroscopy.

I11.3.4 Bioanode electrochemical characterization

a. Experimental

Current dependency on the potential

Cyclic voltammetry (CV) measurements were carried out on the bioanode at 1 mV
s! and at pH 7.5 under limiting and non-limiting conditions. The non-limiting
conditions (NLC) were stablished during a cycle were current was increasing and

the pH reached 7.5. The limiting conditions (LC) were stablished by completing a
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cycle and then rising the pH up to 7.5. A range of scan from -0.2 V to
0.6 V vs. SHE was established. At this range, mechanisms of electron transfer from
bacteria to the anode are often reported?'®??’. The CVs were performed after 100

days of biofilm establishment.

A five steps chronoamperometry measurement took place after the 120 days of
biofilm growth. Steps went progressively from -0.2 V to 0.6 V vs. SHE and lasted
15 minutes each. In both chronoamperometry and CV tests, the applied potential

was corrected by the bioanode ohmic resistance previously measured.

Potentiostatic Electrochemical Impedance Spectroscopy (PEILS)

PEIS estimates the electrochemical impedance (Z) by applying a sinusoidal voltage
signal over a fixed potential and measuring the corresponding current response. It
is a graphical method that associates the impedance behavior to an equivalent
electrical circuit. The impedance is calculated as the ratio between the potential
difference and the current difference. The real part (Zr) corresponds to resistances
(R) and are interpreted as power losses that are transformed into heat. The
imaginary part (Zj) is a reactive impedance that accumulates the electrical energy
as capacitors (C) or inductors (L). In a general simplified case, these electrical

elements are associated with the impedance by the following equations:

Zr=R +0j (IT1-10)
Zc=0—-j/(2nfC) (IT11-11)
ZL=0+j2nfL (I11-12)

The resistive part is observed when the impedance has not imaginary component
(equation III-10) and it is observed at frequencies of around 1 kHz and 10 mHz.
The resistance at high frequencies is often related to an ohmic response (Ronm)
whereas at low frequencies it is the sum of the ohmic and polarization losses
(Rormt Rpor). In Figure I11.10, Zr and Zj are both normalized with the resistance at

low frequencies as described in the following equations:

Zr = Z7r / (Rohm+ Rpol) (III'13)
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This technique gives information about the electrochemical reactions and the
transport of reactants/products in the system. PEIS was performed on the anode at
the following potentials: -0.2 V, 0 V, 0.2 V, 0.4 V and 0.6 V vs. SHE. It scanned
frequencies from 10 kHz to 0.01 Hz, an amplitude of 50 mV and a stabilization
time of 15 minutes before the measurements. Resistance and mechanisms of
electron transfer over the anode are intended to be elucidated. Limiting and non-

limiting conditions were compared.

b. Microbial electro-catalytic activity

Results of CV and chronoamperometry at different potentials on the bioanode are
presented in Figure II1.9. Under potentials between -0.2 and 0.2 V vs. SHE there
is not significant influence of the starvation conditions on the current produced.
The biofilm electro-activity seems to appear at potentials higher than 0.2 V vs.
SHE. At The hysteresis observed despite the slow scan rate is probably due to the

large bioanode surface area.
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Figure II1.9. Electrochemical analysis at limiting conditions (LC) and non-limiting
conditions (NLC) conditions at pH anolyte: 7.5. CV (solid lines) were performed at 1
mV.s!. Chronoamperometry values (dashed lines) are taken at 15 minutes of

stabilization.
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To avoid this dynamic effect, polarization by chronoamperometry of 15 minutes
were also performed. As in CV measurements, the current evolution was also
significantly improved under NLC conditions at potentials from 0.2 V vs. SHE. At
0.43 V vs. SHE for instance, an increase of 16% of the current produced is
observed. A better microbial electro-catalytic response could be responsible of this
current improvement. Now, the current response depends on the electrochemical
reactions but also on minimizing the possible current losses. These losses were

therefore studied by an impedance characterization.

c. Bioanode impedance behavior

The ratio between the sinusoidal potential perturbation and its corresponding
current response was used to determine the impedance behavior at different
frequencies (f). The obtained result is a complex number represented by a complex

impedance plane in cartesian coordinates, also called Nyquist diagram (Figure

111.10).
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Figure II1.10. PEIS results. pH anotyte: 7.5, pHecatholyte: 3. Stabilization time: 10min.
Amplitude: 10 mV. Values normalized with Ronmt+ Rpor. A: From -0.2 to 0.6 V vs.
SHE in limiting conditions (LC); B: From -0.2 to 0.6 V vs. SHE in non-limiting
conditions (NLC). C: comparison at 0.4 V vs. SHE.
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Figure II1.10A shows the impedance behavior at different potentials between -0.2
and 0.6 V vs. SHE. First, the imaginary impedance observed is only negative in
most of the frequencies, excluding any inductive effect. The semicircle shape that
goes from Ronm to Ronmt Rpol 1s usually related to RC circuits and interpreted as
physicochemical interphase phenomena??®. In a perfect semicircle, the ratio from
the point (Ronm+ Rpoi) / 2 would always be the same and therefore |Zj,max|=0.5. As
|Zj,max|<0.5, the impedance response corresponds to several activation-energy-
controlled processes. Therefore, the semicircle could be associated to different
mechanisms including electron transfer processes (e.g. substrate/biofilm,
biofilm/anode), and active species diffusion at the vicinity of the bioanode.
Nonetheless, the normalized shape is very similar at almost every potential. This
means that the phenomena occur at all this range of potentials and can be

considered as a characteristic of our studied system.

In NLC conditions, there is also a similar effect regardless of the potential applied
(Figure II1.10B). The semicircle is overlapped at all the potentials until 50 mHz.
Then, an inductive behavior followed by a capacitance is clearly observed at lower
frequencies. Despite its unclear origin, a negligible effect on the power losses is
assumed since the inductance impedance tends towards zero when frequencies
decrease (equation III-12). Finally, Figure III.10C compares the impedance
behavior in LC and NLC conditions at 0.4 V vs. SHE. Both graphs overlap each
other, representing that no additional physicochemical phenomena are added to the

system at least until 50 mHz.

The impedance spectroscopy is a powerful tool to correlate the impedance
behavior to physicochemical mechanisms. To do so, some criteria must be
satisfied: linearity, stability, causality and finite impedance over the frequency
domain. A common mechanism to validate these criteria is the Kramers-Kronig
(K-K) transform. The experimental data was compared to the K-K values in terms
of the real and imaginary impedance, the impedance vector |Z| and the phase (¢).

Results in NLC conditions are presented in Table I11.2.
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Table II1.2. Comparison between experimental data and Kramers-Kronig values in

NLC conditions. Frequency range: 10 kHz to 0.01 Hz.

EVyvs.SHE AZr(Z) (%) AZi(Z) (%) A|Z| (%) Ao (Z) (%)

0.6 2.3 34.7 2.2 34.2
0.4 2.4 1681.0 2.4 1672.0
0.2 3.6 57.3 3.7 60.9
0 3.0 54.6 3.0 55.4
-0.2 1.9 314.6 2.0 314.3

Parameters such as the real part and the impedance vector fitted properly with the
K-K relationship as the comparation analysis results showed a small difference
between them. Nevertheless, the imaginary part and the phase are significantly
different than the K-K transform and therefore did not satisfy the impedance
criteria. Therefore, the frequency domain was reduced to a shorter range (4 kHz to

0.5 £ 0.3 Hz) and the comparison was repeated (Table 1I1.3).

Table I11.3. Comparison between experimental data and Kramers-Kronig values in

LC and NLC conditions. Frequency range: 4 kHz to 0.5 + 0.3 Hz.

LC NLC
EVvs.SHE ARe(Z) AZi(Z) A|Z| Ad(Z) ARe(Z) AZi(Z) A|Z| Ao (2
(%) %) (P () (%) %) () (%)

0.6 1.3 15.7 1.3 15.4 1.0 10.1 0.9 10.3
0.4 1.2 10.1 1.2 10.1 1.2 11.3 1.1 11.4
0.2 1.2 8.0 1.2 7.9 1.1 8.1 1.0 8.7
0 1.2 12.8 1.3 12.8 1.2 18.2 1.3 17.9
-0.2 1.5 9.9 1.5 9.9 1.0 9.3 1.0 94

The data at this new frequency range has a better fitting with the K-K transform. It
is therefore more accurate to extract parameters such as the ohmic and polarization
resistance at these conditions. Figure III.11 plots Rown and R,. against the

potential applied.
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Figure II1.11. Resistance from PEIS at different fixed bioanode potentials.

Ronm obtained at ~ 1 kHz had an average value of 3.3 Q (£0.09) and 2.9 Q (£0.06)
for LC and NLC respectively. This fast phenomenon was not potential-dependent
and therefore fits with the ohmic resistance, which involves the bioanode, anolyte
and current collector. Membrane resistance is not taking in account since the
bioanode and the reference were both located in the same compartment. Regarding
the resistance at low frequencies, it decreased more than twice when the bioanode
potential passes from -0.2 V vs. to 0. 6 V vs. SHE, typical from a kinetic dependent
phenomenon like the polarization resistance (Rpo/). A minimum resistance of 7.3 Q
was measured at 0.6 V vs. SHE, which is already more than twice the ohmic
resistance (2.9 Q). Based on the Bulter-Volmer equation®, the anodic current
increases proportionally with the electron donor consumption and exponentially
with the anode polarization. This could explain that higher polarizations could
reduce the effect of an electron donor limitation. Power losses are principally
affected by the limiting polarization resistance. Special attention must be taken
into the electrochemical reactions, especially the oxygen reduction which is needed

as intermediate for metal precipitation.

# Relationship of electrochemical reaction kinetics on electrodes.
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I11.3.5 GDE characterization

a. Oxygen reduction

Oxygen reduction reaction (ORR) is expected to occur in the GDE cathode. A CV
measurement at 10 mV s™' between 0.2 and -0.6 V vs. SHE was performed on the
cathode to favorize the ORR reduction. The reference electrode placed this time in
the catholyte side. The catholyte was composed of 30 g L' NaCl and the anolyte
with the bacterial medium (section II1.3.3). Tests with natural air convection and
with 40 mL min! of air flow were compared. For practical reasons, all the
potentials are referred to SHE and current densities to the bioanode projected

surface area. Results are presented in Figure I11.12.
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Figure I11.12. CV results on the cathode at 10 mVs!. pH catholyte= 3.

Cathodic behavior under the natural air convection shows a rather linear behavior,
typical from a non-faradic behavior. In presence of an additional air supply of 40
mL min™!, a faradic current associated with ORR was observed from approximately

-0.2 V vs. SHE.
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b. Polarization curve in Microbial Electrolysis Cell (MEC) mode

Chronopotentiometry measurements were performed in a three-electrodes system
by fixing a constant current between the bioanode and the gas diffusion cathode.
Over a period of 15 minutes, currents were imposed progressively as following: 5,
10, 15, 20, 25, 30 mA. Electrodes potential, pH, charge and power were followed
by the potentiostat software, ECLab. At the starting point, anolyte and catholyte
pH were adjusted to 7.5 and 3 respectively. Experiments were performed after the

120 days of biofilm growth in NLC conditions.

Potentials of each electrode and the cell voltage (Ec.;) are illustrated in Figure
III.13. This is equivalent to execute the BES in Microbial Electrosynthesis Cell
mode (MEC). The goal of this technique was to first of look at the behavior of the

polarized electrodes.
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Figure II1.13. MEC mode in absence of metals. A: Electrodes potential after 10
min applying a fixed current; B: Cell voltage vs. applied current. pH anolyte: 7.5,

pH catholyte: 3.

The anode potential remained constant during the 10 minutes at the values
presented in Figure IIL.13A. When the current was fixed at 3.8 A m, the cathode
potential was polarized at -0.35 V vs. SHE, which is appropriate for oxygen
reduction according to the CV measurements (Figure II1.12). At 7.5 A m?, the
bioanode potential started to increase progressively until a value of 1.2 V vs. SHE.

There is no consensus on the maximum anodic polarization electroactive
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bioanodes can support, but high anodic potentials increase the risk of parasite

reactions taking place over the acetate oxidation.

Moreover, a linear behavior was observed between the bioanode potential and the
tested currents, which is typical from an ohmic resistance behavior. A similar
linearity was observed in Figure II1.13B between E..; and the applied current. A
total intern resistance of 64.3 Q was stablished as the slope of that relation E vs. 1.
This is a typical and undesired ohmic behavior attributed to different factors: the
non-optimized electrochemical geometry as electrodes were not facing each other,
the distance between electrodes and consequent electrolyte resistance, and the
membrane fouling. Even though the electrochemical oxygen reduction and the
bioelectrochemical acetate oxidation were separately thermodynamically possible,
this ohmic drop has been previously described as a major problem for the current

evolution even in halophilic bioanodes?!?

. Microbial bioanodes with high salinity
tolerance have produced a maximum current of 85 A m™ with an electrodes
distance of few millimeters?*’. The system can still be substantially improved in a
configuration with parallel electrodes at a minimum distance as possible between
them. The MEC mode is useful tool to either control the current rate or the
electrodes polarization. Higher current rates can be achieved but together with a
consequent energy consumption. Therefore, an energy-added free system was also

studied.

c. Polarization curves in Microbial Fuel Cell mode

External resistances were fixed over a period of 15 minutes between the bioanode
and cathode, also known as Microbial Fuel Cell (MFC) mode. These external
resistances influence the resulting current, power and electrodes polarization.

Current and power were calculated based on the following equations:

E ceit = E cathode — E anode = OCV — 1 (Rint + Rext) (III'IS)
P=IE cen (I11-16)

Where Ri,; was 64.3 Q from the previous section and R..; an external measured

resistance that connected anode and cathode. Electrodes potential (Ecarmode and
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Eanode) and electrolytes pH were followed by the EClab software. As in MEC
mode, pH was initially stablished at 7.5 for the anolyte, 3 for the catholyte, and
experiments were performed under NLC conditions after the 120" day. The
polarization curve and potential behaviors of the MFC configuration in absence of

metals is presented in Figure 111.14.
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Figure I11.14. Characterization in MFC mode: A. Polarization curve after 10 min at

fixed resistances; B. Electrodes potential after 10 min applying a fixed resistance

(MFC mode). pH anolyte: 7.5, pH catholyte: 3.

It is observed that a maximum current of 1.8 A m™ is obtained when the cell
voltage tends towards zero at the lowest external resistance (i.e. 0.1 Q). This
maximum current is approximately half of the maximum current obtained in MEC
mode by polarizing the anode at 0.43 V vs. SHE. Likewise, the current density
tends towards zero as the resistance tends to 1000 Q. The power, which depends on
both current and cell voltage, has a maximum value of 0.1 W m™ at 0.8 A m™%. This
value was obtained when a load of 10 Q was connected on the system. Metal
recovery aims to prioritize maximum current over the maximum power, so 0.1 Q
was the best resistance. In Figure I11.14B, the polarization behavior is observed at
fixed resistances. When the load corresponds to 1000 Q, the cathode is for instance
at 0.25 V vs. SHE. Based on the CV results (Figure III.12), this potential is not
enough to favorize the cathodic current related to the oxygen reduction. On the
other hand, negative potentials are obtained at external resistances lower than 40

Q. Therefore, low resistances are also suitable in terms of cathodic polarization.
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III.4 Coupling bioanode and GDE for

metal recovery

I11.4.1 Experimental

a. Catholyte medium preparation

Inspired from REE-rich sediments found close to the Namibian coasts®*’, a
solution containing metals salts (CuCl,, MnCl>-2H>O, ZnCl, NiCly,
La(NO3)-6H20, Nd(NO3)-6H20, Sm(NO3)-6H20, Ce(NO3)-6H20) was used to
simulate leached metals from marine environments. The solution was prepared
from x10 concentrated stocks, contained 30 g.L"! NaCl (0.5 M) and was adjusted to
pH 3 with 30% HCI. Metals present in the were then analyzed by a High Resolution
Inductively Coupled Plasma Mass Spectrometer (HR-ICP-MS, VITO). The
concentration of metal ions and the ICP limit of measure are presented in Table

III.4. The ICP limits are given by the ICP equipment and the calibration curve for

each metal.

Table IIl.4. Synthetic leached metal aqueous matrix composition from marine

environments.

Metal mg L' ICP limit pg L'

Cu 220 <100
Mn 100 <100
Ni 50 <100
Zn 100 <100
La 75 <10
Nd 75 <10
Sm 75 <10
Ce 50 <10

The technology was tested in both MEC and MFC mode. The MEC configuration

applied a chronoamperometry over the bioanode of 0.43 V vs. SHE as in the
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biofilm growth. The MFC test used an external resistance of 0.1 Q between the
bioanode and cathode. To do so, the electrodes current collectors were connected
in series through a resistance box and the corresponding resistance measured with
a multimeter. In both MFC and MEC, the system had an Ag/AgCl reference
electrode in the anolyte side. Electrodes potential, anolyte and catholyte pH were
followed with the potentiostat in MFC mode. Current and charge were also
recorded in MEC mode. The tests had blank controls with a catholyte containing
30 g.L'! NaCl at an initial pH 3. The OCV was measured by leaving the system

disconnected for several hours until a stable value was achieved.

I111.4.2 MEC mode

b. Blank control
As mentioned before, the BES/GDE technology aims to increase the pH of the
catholyte to favorize the metal precipitation and subsequent recovery. A control
experiment in absence of metals was firstly tested polarizing the bioanode at 0.43 V
vs. SHE. Results presented in Figure III.15 reveal the current, potential and pH

evolution over time.
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Figure I11.15. BES technology control in absence of metals and MEC mode: A. pH
evolution of catholyte (pHcam) and anolyte (pHan) within time; B. Current density

and electrode potential behavior.

Since metals should be precipitated at pH 11, cathodic cycles were defined as the

lapse of passage from the initial catholyte pH of 3 to 11 (Figure III.15A). Two
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cycles were therefore differentiated during the experiment. Once the pH exceeded
11, the pH adjustment to 3 defined the beginning of the 2"¢ cycle. At the same time,
20 mM of acetate were added to the anolyte and its pH adjusted to 8-8.3.

The measured current density presented in Figure III.15B is related to an electron
transfer between the electrodes driven by an external energy input. The first cycle
had a maximum current density of 4 A m™ corresponding to the electrode starting
polarization. The cathode polarization is linked to the current evolution, decreasing
in the 1% cycle with the current and then increasing and stabilizing as the current in
the 2" cycle. Nevertheless, the cathode potential was always lower than the
bioanode, a common behavior in non-thermodynamically favorable processes as the

MEC mode.

The catholyte’s pH increases as far as the transferred electrons are used to reduce
oxygen in the cathode. This reaction consumes protons at pH<7, produces
hydroxide ions at pH>7 and may have several intermediate steps'>2. Based on the
cumulated charge at these conditions (Qqotal in C), a cathodic faradic efficiency (nr)
was calculated with equation (III-17). To do so, the measured charge in acid
conditions (Qmeas PP~ in C) was calculated as proton molar consumption (Ang: in
mol L") multiplied by the catholyte volume (V cam in L) and the faraday constant
(F in C mol™!) (equation III-18). The charge in basic conditions (Qmeas "7 in C)
used the OH™ molar consumption (Anon- in mol L!) instead of the protons (equation
I11-19). To simplify the calculations, reactions were assumed to consume one

electron per proton consumed and one per hydroxide produced (equations III-2 and

111-5).

T]F:(Qmeas pH<T 4 Qmeas pH>7) / Qtotal (111'17)
Qmeas PHST — Ang+ X V cath X F (III-IS)
Qmeas PH>T — Anon- X V cath X F (III-19)

The performance results on MEC mode are presented in Table IIL.5. Qmeas are
related to the calculated charge for passing from pH=3 to pH=11 and therefore are

very similar for both cycles.
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Table IIL.5. Parameters related to MEC performance in absence of metals.

CyCIe pH Qmeas (C) Qtotal (C) TIF (%) J (A m-2) ttotal (h)
3to7 44.69 45.96
1 2. .
7to 11 49.88 67.44 83 38 336
3to7 47.43 58.67
2 75 3.05 2.97
7to11 49.82 70.74

The consumed charge (Qroar) Was relatively higher from pH 7 to 11 compared to the
acidic conditions. A Qi increase of 46.5% and 20% from acid to basic conditions
during the first and second cycle respectively could be related to the ORR reaction.
ORR consists of multiple adsorption/desorption and reaction steps involving
species such as O, OH, 02", HO,", and H202%**!. Under alkaline media and with the
GDE electrode, one of these steps could be limited. Besides, a potential lost is
possible since there is an abrupt difference between the ORR redox potential in
acidic media (equation III-2, equation III-3 and equation III-4), and in alkaline

media (equation III-5, equation III-6 and equation III-7).

An overall high cathodic faradic efficiency was obtained in both cycles. The
average current (J) was 28% higher in the second cycle and the time reduced about
46 %. The initial anolyte pH is probably linked, since it was not the same for each
cycle (7.3 and 8.3 for the first and second one respectively). The pH influence on

the electroactivity and current response could be interesting to analyze.

¢. MEC with a metal rich catholyte

MEC results with a simulated metal-rich marine solution as catholyte are observed
in Figure III.16. First, three distinguished precipitation plateaus at different
catholyte’s pH were observed (Figure III.16A). To do so, two anolyte cycles were
required (Figure I11.16B).
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Figure II1.16. Metal recovery in MEC mode: A. pH evolution within time; B.

Current density and electrode potential behavior.

The precipitation plateaus observed at pH of 6.4, 8 and 11 result from a hydroxide
generation followed by a metal precipitation (equation (III-8)). Indeed, in these
regions hydroxides generation rate is proportional to the metal complexation rate
and therefore OH™ produced do not affect the overall pH. A single cathodic cycle
evaluated took 33.7 h to reach a pH 11, at least six times longer than the metals-
free catholyte. At this point, liquid samples analyzed by ICP revaled no traces of
metals remained. A more detailed study on metal removal is presented in Section
I11.4.4. Metal ions passage trough the membrane to the anolyte was not quantified
but assumed insignifcant compared to the Na® passage, due to its high initial

concentration (0.5 M) and its transport facility in cation exchange membranes?*2.

The anolyte pH decreased from 8.2 to 7 in 24h as acetate consumption acidified
the system. Then, the pH was adjusted to 8.4 and 20 mM of acetate added to
prevent the bioanode from LC conditions. The current density consumed and
electrodes potential behavior, observed in Figure II1.16B, shows the effect of this
anolyte adjustment. A similar behavior as in absence of metals is perceived
(Figure III.15B), since the current and cathode polarization increase till a
maximum point and then return to lower values (<2 A m™). Besides, the average
current of 2.35 A m? is comparable with 2.38 A m and 3.05 A m™ of the control
test (Table IIL.5). The presence of metals does not seem to affect the levels of

current consumed.
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An energy consumption was calculated as the product between total cumulated
charge (Quwrar) and the cell voltage (Eceir). This BES configuration removed all the
metals from the catholyte spending 0.84 kJ. Considering a total metal mass of 374
mg initially diluted in the catholyte according to the ICP analysis, it represents 2.24
MJ per 1 kg of metal removed from the solution. This is equivalent to the embodied
energy to produce a brick’. However, the energetic balance in separation and
purification steps would be necessary to compare it with conventional metal
production technologies. The advantage of bioanodes is still the thermodinamically
faisability to avoid an electrical energy input in the system. The microbial

electrochemical system in MFC mode was therefore analyzed.

111.4.3 MFC mode

a. Blank control
The microbial fuel cell control in absence of metals with an external resistance of
0.1 Q is presented in Figure III.17. Four catholyte cycles from pH 3 to 11 were
performed and synchronized with four anolyte adjustments (Figure II1.17A). The
current response observed in Figure II1.17B is calculated from equation III-15 and
normalized with the projected surface area of the bioanode. The measured OCV

was 0.3 V and the total resistance (Rint + Rext) taken was 64.1 Q.

Catholyte

JAm™T

+——— Bioanode

8.5 Anolvte Cathode

NN

0 50 100 150 200 250 0 50 100 150 200 250
Time (h) Time h

EV vs S1IE

Figure III.17. BES control in absence of metals and in MFC mode: A. pH
evolution within time; B. Current density and electrode potential behavior. C.1,

C.2, C.3 and C.4 represent the catholyte cycles from pH 3 to 11.
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The exchanged current is intended to decrease the anolyte pH and to increase the
catholyte’s one. Slower anolyte and catholyte cycles compared to the MEC more
are thus a sign of lower electrochemical reactions. As electrons are being
transferred spontaneously, it is normal to except a lower electrochemical activity

compared to a system with a supplementary energy input to polarize the electrodes.

Regarding the current response, a first low current response during the first cycles
is observed (Figure III.17B). It was attributed to a connection problem between
the bioanode and the cathode. The bioanode potential remained constant at around
-0.25 V vs. SHE whereas the cathode had an initial potential near 0 vs. SHE and
then tended to reach a similar bioanode potential. High electrodes differences were
already observed in polarization curves when external resistances were increased
(Figure II1.14). After the second cycle, the current increased as the potential
difference was reduced. There is not a common law for the optimum electrode
potential regardless the microbial community. However, the low potentials present
in the MFC mode are most likely related to redox mediators of microbial

processes’23

. What matter the most is that it is relatively stable and at low
external resistances, it keeps the cathode potential at negative values, favorizing the

oxygen reduction.

Regarding the energetic performance of the MFC mode, a panel of parameters was

calculated for each cycle and displayed in Table II1.6.

Table II1.6. Parameters related to MFC performance in absence of metals.

Cycle Condition Qmeas (CO) Quta (C) Mr (%)  J(Am?P) t totar (h)

3to7 49.88 88.70

1 71 0.35 27.8
7to11 48.74 50.92
3to7 48.22 59.99

2 7to11 48.26 55.23 84 0.26 308
3to7 48.23 217.42

3 7to11 48.90 101.06 30 0.88 250
3to7 48.15 144.01

4 47 0.88 16.1
Ttoll 48.32 59.76
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The measured charge is very similar to the calculated in MEC conditions. The
cumulated charge is however more significant in acidic conditions. Considering that
the electrodes are less polarized in the MFC system, it is possible that at these
conditions the resistance losses are higher in acidic media. At least for the
bioanode, the polarization resistance increased from 12 to 25 Q when the potential
passed from 0.4 V to -0.2 V (Figure III.11). Moreover, both the current and the
efficiency are important to accelerate the cycle. The fourth cycle had the best
compromise between the electrons transfer and the resistance loses as it lasted 16 h.
Both parameters are important in presence of metals, as more reaction can also take

place and influence the performance of the system.

b. MFC with a metal rich catholyte

A cathodic cycle was performed in presence of the same synthetic leached marine
deposits employed in the MEC mode (Table II1.4). Anolyte’s and catholyte’s pH as
well as the current generation and the electrodes potential behavior are presented in
Figure II1.18. The three precipitation plateaus previously observed in MEC mode

are relatively defined.
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Figure III.18. Metal recovery in MFC mode: A. pH evolution within time; B.

Current density and electrode potential.
The cathodic cycle took 92.8 h to reach a pH 11, at least three times more than the

blank control. The longer time is certainly due to the presence of metals, as OH-

complexes with metals and retain the pH from increasing as in the MEC mode. It is
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also 2.8 times longer than the MEC test, since the MFC mode does not polarize the

electrodes as much as the MEC and redox reactions are therefore less favorized.

The calculated current density showed in Figure III.18B is an indicator of the
electron transfer and not a supplementary energy generation. It passes from 0.55 A
m? to 0.6 A m? as electrodes are being polarized during the first 20 h. A stable
current exchange is subsequently achieved for the following 150 h, despite the
anolyte cycles (pH and concentration adjustments). As observed in the bioanode
CV (Figure II1.9), the current response was not sensitive to the limiting conditions
when the bioanode potential was fixed at values lower than 0.2 V vs. SHE. Other
factors such as the overall high resistance and an acetate excess in the electrolyte
cannot be discarded. Once the pH reached 11, all the metals had disappeared from
the catholyte solution without any electrical energy input. Energy requirements
were still necessary for the air flow and electrolytes mixing, but this is a first step

towards an eco-friendlier metal recovery technology.

111.4.4 BES/GDE comparison between MFC and MEC

a. Energy efficiency and removal time

From previous results in MFC and MEC configurations, the BES/GDE system was
evaluated in terms of efficiency and metal removal time. The pH change charge (Q
ApH) is the cumulated charge in acid and basic conditions (Qmeas P77 + Qmeas P7).
The metal charge (Q metat) Was calculated based on the metal concentration
measured by ICP and consequent stoichiometric OH™ required (equation II1-8). The
number of OH™ moles required to precipitate these metals were then associated to a
coulombic charge by the Faraday’s Law. The efficiency in presence of metals is

therefore defined as:

T]F:(Qmeas PH<T Qmeas PH>7 4 Q metal) / Qtotal (III'ZO)

Parameters evaluating the energy efficiency and removal time in MFC and MEC

mode are presented in Table I11.7.
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Table II1.7. Performance of BES/GDE technology for metal recovery.

System QApH(C) Q mewa(C)  Q tota1 (C) nr Time (h)
MFC 78.6 1021.6 1505.7 73% 92.8
MEC 89.2 1022.7 1140.4 98% 33.7

Results reveal that the MEC configuration is both more efficient and faster for
metal precipitation. This is an interesting result since the MEC is significantly

improving the performance of the system with a relatively low energy consumption

(0.84 kJ).

b. Metal removal assessment

As mentioned before, the exchanged current in both MFC and MEC systems was
intended to increase the catholyte’s pH in order to precipitate the metals. Three
catholytes precipitation plateaus were identified and could be a sign of selectivity.
Catholyte samples were analyzed at the end of these plateaus by ICP and metal

removal was estimated (equation I-3) and presented in Table IIL.8.

Table I11.8. Metal removal assessment of the BES/GDE technology

Metal removal percentage (%)
Ce La Nd Sm Mn Ni Cu Zn

13.1 10,0 109 139 4.2 4.6

68.1 82.5 § 894 § 51.7 78.5

11.08 £ 100.0  100.0  100.0 § 100.0 £ 100.0 100.0 § 100.0 § 100.0
11.8 §100.0 100.0 100.0 || 100.0 §f 100.0 100.0 | 100.0

6.4 262 212 295 39.1 10.9 194
MEC 8.2 76.5 52.0 73.7 45.1 619

100.0_100.0 1000 §100.0 | 999 99.8 §100.0 | 99.6 |

System pH

6.4
MFC 8.2

11

During the first plateau at pH 6.4, more than 96% of copper was removed from the
catholyte. As Cu®* has the lowest solubility among the metals studied, it is normal
to recover it at the lowest pH. It is however remarkable that in MFC mode, most of
the other metals remained in solution. In MEC mode, some metals like Sm and Nd

were partially eliminated due to a possible metal intercalation in the copper
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precipitation. This could be enhanced by a faster precipitation as it is the case in
the MEC mode. Then, at the second plateau at 8.2, most of the metals precipitate in
a high proportion. Samarium is the one that precipitated the most, but it is highly
mixed with other metals and therefore a low selectivity was achieved. At pH 11, no
metals were longer measured in solution. This is indeed a good pH to assure the

total metal precipitation.

These precipitation plateaus are not only linked to the metals but also to their
oxidation state and complementary ions. The oxidation state can for instance affect
the metal solubility and carbonates and sulfates present in some deposits could
favorize or not the metal complexation and precipitation selectivity. These results
give an overview of possible ideal recovery pH but experiments with real leached
deposits are necessary to validate it. Considering an overall in situ process
coupling electrobioleaching and metal recovery, the geochemical environment of
the deposits site will also determine the type and variety of microorganisms.
Sulfide deposits seem to host a larger community and to be more dynamic in terms
of pH, temperature and metal composition. It is difficult to measure the impact of
microbial electrochemical systems on these environments as well as challenging
regarding the dynamic conditions to deal with. Fe-Mn crusts occupy larger sites
and are commonly present in the limiting oxygen zone, so mostly anaerobic
microorganisms will be present. Not clear consequences about the oxygenation of
this environment have been examined, but the air flow required to favorize the
cathodic reduction could have a negative impact on the ecosystem. Nodules may
be easier to manage as they are not attached to the seabed as the crusts and their
reserves seem to be larger than crusts and sulfide deposits. The challenge will be
related to the deeper conditions (4000 — 6000 m), where the carbon sources and
conditions for life in general may be more limited. The REE rich mud also seems
to have a tremendous potential in terms of metals. Not much information about the
environment has been found so far. However as for nodules, the deep will be the

most challenging part.
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I11.4.5 Sum-up

The potential of microbial electrochemical cells in marine environments has

d?**235 Halophilic microorganisms have demonstrated an

already been studie
electroactive behavior and offer an opportunity to use microbial electrochemical
systems in marine conditions. A bioanode poised at 0.43 V vs. SHE exchanged a
maximum current density of 4.1 A m™2. The electroactivity was nevertheless hidden
by the overall ohmic resistance (64 Q), from which the bioanode influence is
considerably low (3 Q). Moreover, the GDE cathode proved a pronounced ORR
reaction under cathodic potentials lower to -0.2 V vs. SHE. The coupling of the
bioanode and the GDE achieved a 100% of metal precipitation in both MEC and
MFC mode. This precipitation obtained at pH 11 took 33.7 h and 92.8 h for the
MEC and MFC respectively. The most important finding was to proof that metal
recovery was possible by coupling an ORR reaction from a GDE cathode with an

oxidation catalyzed by halophilic bioanode with no energy input for the electrodes

polarization.
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III.5 Conclusions & perspectives

The BES/GDE technology opens a new route for metal recovery from leachates of
marine metallic deposits. The three compartments system (anolyte/catholyte/air
chamber) was studied at a laboratory scale with a classical H-cell geometry. Metals
from base to REE precipitated from simulated leached marine deposits in the
cathodic compartment. The main mechanism is the oxygen reduction on the GDE
cathode and consequent pH increase of the catholyte. This reaction was enhanced
by an external oxygen supply from the air chamber and driven by the anolyte
oxidation catalyzed by the halophilic bioanode. Both bioanode and cathode were
firstly analyzed separately. Then, the system was studied in MEC and MFC mode.

For each case, some conclusions were found:

Bioanode
(1) The halophilic bioanode polarized at 0.43 V vs. SHE was able to catalyze
an oxidation process with characteristic phases of bioanodes. The pH and
current were used as indicators of limiting and non-limiting conditions.
(11) The electroactivity at 0.43 V vs. SHE and under non-limiting conditions is

convenient as the polarization resistance is decreased.

BES/GDE coupling

(1) The oxygen reduction is enhanced in presence of the air flow and when the
cathode potential is negative.

(i1) The bioanode ohmic is considerably low (3 Q) compared to the overall
ohmic resistance (64 Q) as observed in the MEC mode. This phenomenon
is characteristic of an unoptimized geometry and membrane (bio)fouling.

(111) By lowering the external resistance, the exchanged current was maximized
up to 1.8 A m™2. It also reduced the cell voltage and thus the output power.
However, the cathode potential is more polarized at the lowest resistance

and therefore it is more convenient for the oxygen reduction.
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Metal recovery assessment

(i) The BES/GDE system had the robustness to work either by an external
energy (MEC) or resistance (MFC) input. Independly of the nature of the
metal, they all precipitated at pH 11 and was particulary selective on Cu at
pH 6.4.

(i1) Despite the high ohmic behavior, the polarized system in MEC mode was
able to increase the catholyte’s pH from 3 to 11 in 3 hours and an energy
consumption on the electrodes of 0.28 mA h'!. It was 10 times longer in
presence of metals but this time depends on the initial metallic charge.

(iii) The MFC took from 16 to 30 hours to pass from pH 3 to 11 due to a lower
electron transfer compared to the MEC. The metal precipitation was
completed after 5 days with a 73% efficiency due to a more visible

bioanode polarization resistance.

Regarding the perspectives, a set up with closer electrodes could be useful to avoid
the high ohmic behavior. Current variations observed in MEC mode can be
diminished in a continous flow configuration. Furthermore, the MFC system does
not produce and transfer as much electrons as the MEC mode and it has
repercussions on the system efficiency and metal recovery time. However, it is still
possible to have 100 % of metal precipitation with no energy input on the
electrodes. Besides, the system is less sensible to the starvation conditions, giving
more flexibility in terms of electron donor supply. The system is more sensible to
the resistance variations, so proper connections must be checked within time. In
any case, this technology has proven its potential for metal recovery in high saline

conditions with a low energy input.

A second plan of the global project will consider the feasibility of metals electro-
bioleaching from marine deposits. [In situ metal electrobioleaching would couple
microbial, chemical and electrochemical mechanisms to dissolve metals at the
marine conditions. This process has already been proven for recovery of copper,
nickel and cobalt from land concentrates (ie. sphalerite, chalcopyrite) and marine
ferromanganese minerals under acidic conditions®*®. Bacteria could indeed pre-
solubilize the metals and then precipitate them in situ, preventing from

environmental impacts of mineral drilling, digging and transport trough the water
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column. Before that, the metal precipitation with the BES/GDE technology must
be evaluated under deep sea conditions. So far, the halophilic bacteria in highly
saline environment and metals concentration were simulated. Some of other

criteria that must be evaluated are:

(1) Electroactivity of halophilic bioanodes with organic matter other than
the acetate.

(i1)  The electroactivity of bioanodes and oxygen reduction at deep sea
temperature and pressure, depending on the geological conditions of the
mineral sites.

(iti)  The process must be remotely monitored.

Despite the well-known temperature sensitivity of bioreactors, a recent study from
Heidrich et al’®’. shows that MFC at 7.5 °C had similar power densities and
coulombic efficiencies compared to MFC at 26.5 °C. Besides, the dominant
microorganisms kept electroactive properties regardless the temperature, especially
from Geobacter species. Nevertheless, the choice of the substrate, acetate or
wastewater in this case, seems to have a more significant effect on both reactor

performance and microbial diversity?*’

. The high pressures could also play an
important role in the BES performance. Unfortunately, no relevant studies on

microorganisms electroactivity at deep sea level pressures have been found so far.
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CHAPTER 1V

Ionic Liquid catholyte for neodymium

recovery

Representation of the resources supporting green energy technologies. Taken from M. Gras PhD

presentation defence.
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IV.1 Introduction

The previous chapter revealed the potential of BES to generate OH" as intermediate
species leading to metal precipitation. Chapter IV aims to use directly the metal
ion as final electron acceptor, a common arrangement for metal electrodeposition.
The examined metal is neodymium (Nd), a Rare Earth Element (REE) known for
its high value on renewable technologies and energy devices (e.g. permanent
magnets, batteries, electric vehicles). Nd electrodeposition is paradoxically far
from being a green process due to the use of organic solvents at high temperatures,
releasing toxic compounds and consuming pointless energy. lonic liquids seek to

replace the organic solvents for this purpose and are currently at a research level.

Chapter IV goes beyond the classic BES by combining an aqueous/ionic liquid
system for Nd electrodeposition. An electroactive bioanode is firstly grown in an
aqueous system. Once the biofilm is firmly established, the catholyte is replaced
by an ionic liquid with dissolved Nd and the Nd electrodeposition feasibility is
tested. A critical questioning regarding our configuration is highlighted but also

opens to interesting perspectives of ionic liquids in BES.
This chapter is the result of a collaboration between members of the Interfacial

Electrochemistry and Processes team at LEPMI. It was financially supported by

the French Ministry of Education.
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IV.2 Secondary mining of neodymium

IV.2.1 Context

Rare earth elements (REE) are nowadays crucial in modern technologies. The
apogee of electronic devices and low carbon technologies have benefited from the
unique properties of REE. A broad range of REE are currently used in renewable
energy generation and storage, energy efficient lights, electric cars, and auto
catalysts, among others®*® (Figure IV.1). These “rare” elements are actually more
abundant than common industrial metals such as copper, zinc, nickel and
lead®*%2**. The word “rare” arises from the historical technological barriers in

239 Despite their

separating and extracting them from the mineral deposits
abundance, they stand out as critical raw materials due to their exponentially
increasing demand in these modern technologies, the lack of comparable substitute
and the monopolization of supply sources?*’. As observed in Chapter III, marine
sediments extraction intends to reduce their criticality, but REE recycling from end
of life products is required to relieve to some extent the supply risk. Besides,

secondary mining is the cornerstone for a sustainable development?*’,
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Figure IV.1. Panorama in 2014 of REE applications®*®
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Special policies have been adopted to encourage REE recycling in the European
Union, Japan and China?*">*2. Some of the bottlenecks are the minor REE content
in the final applications, the technical difficulties and energy cost to extract them

with an economic profit, and the abundance of primary supply>*°.

Here, a new microbial electrochemical configuration based on metal
electrodeposition is proposed to address the energetic cost. The technique consists
of reducing electrochemically soluble metal cations from an electrolyte, which
leads to the precipitation of reduced metals as layers deposited on the cathode

surface (Figure 1V.2).
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Figure IV.2. Simplified schema of metal electrodeposition®??.

This reduction is thermodynamically possible when the cathode is polarized at a
potential below the standard potential of the metal (£y). REE electrodeposition is
complicated since their standard potentials are particularly very low (e.g. E°ce3+/ce
= -2.48 V vs. SHE; E°p34/pr = -2.46 V vs. SHE; E°Ng3+/Nd = -2.43 V vs. SHE when
the REE concentration is 1 M'3?). This implies a high cathodic polarization which
costs energy and requires a special environment, including electrochemically

stable electrodes and electrolytes.
Rare earths are inherently difficult to separate because of their similar chemical

properties and the processing of pure REE is complex?*’. In a first approach, it was

decided to work with a single and pure element. The work presented is this chapter

J. Anaya | Microbial Electrochemical Technologies for metal recovery.



119 | Chapter IV | Ionic liquid catholyte for neodymium recovery

investigates the electrodeposition of Nd. Nd is the third most abundant REE and is
a key component of new generation permanent magnets, which are widely used by

the electronic and automotive industry?*°, and more recently for wind turbines?*8,

Nd electrodeposition is a challenging reaction. Its equilibrium potential is defined

by Equation (IV-1), where Cnaq3+ represents the concentration of Nd** in mg L.

Nd3* +3e~ > Nd Eo(V vs. SHE) = -2.431 + log(Cnas-) (IV-1)

According to the Pourbaix diagram (Figure IV.3), the solid Nd region is situated
significantly below the water cathodic electrochemical stability (a dotted line). Nd
electrodeposition is not suitable in aqueous solvents, since water electrolysis leads
to supplementary energy losses and restricting the deposit quality. Moreover, pure
Nd cannot be deposited from aqueous systems as hydrogen and metal hydroxides

or oxides are produced®*’.
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Figure IV.3. Pourbaix diagram of Nd ions in an aqueous system, where a and b

dotted lines represent the electrochemical window of water!2,
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The electrochemical stability is commonly referred to the solvent electrochemical
window (e.g. 1.23 V for water), defined as the voltage difference between the
cathodic and anodic limit. Conventional volatile organic compounds (VOC) have a
larger electrochemical window (e.g. 5.0 V for acetonitrile, 3.5 V for
dichloromethane and 4.4 V for dimethylsulfoxide)?**. Unfortunately, VOCs are
toxic, flammable and volatile>*>. Molten salts such as AICI3-NaCl-KCl have an
electrochemical window comparable with VOC but operate at temperatures from
150 to 1050°C depending on its composition?*®. In this Chapter, ionic liquids are
considered as solvents for Nd electrodeposition. They offer energy costs savings
compared to the high-temperature molten salts and they are much safer to work
with than VOC??%2%_ Besides, ionic liquids electrochemical windows can exceed 6

V, resulting wider than conventional VOC?*".

IV.2.2 Ionic liquids: solvents of the future?

a. Definition

Ionic Liquids (ILs) are polar solvents often defined as salts that melt below
100 °C, forming liquid phases composed of basically cations and anions***. Room
temperature ionic liquids (RTILs) are even liquid at 25°C. ILs could operate at
temperatures over 100 °C due to their low vapor pressure and high thermal
stability, but RTILs interest relies on reducing the energy cost. Cations are usually
organic compounds with either a nitrogen based cyclic skeleton (e.g. imidazolium,
pyrrolidinium, pyridinium), or a non-cyclic one with ammonium, phosphonium or
sulfonium molecules. Anions such as chloride [Cl]” and bromide [Br] can yield to
hydrophilic ionic liquids whereas fluorinated (e.g. [PFs], [BF4]) lead a level
hydrophobicity depending on the associated cation. The ability to synthesize
RTILs with different cations or anions makes them “designer solvents” with
remarkable physicochemical properties in terms of miscibility, metal dissolution,
polarity, viscosity, density and conductivity, among others. Their main bottleneck
is commonly mentioned to be their high price, which can be 5 to 20 times more

expensive than organic solvents®*%.
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From primary to secondary REE-rich matrixes, separation and extraction processes
with ILs have recently emerged as sustainable and efficient alternatives to acid
leaching and solvent extraction. They have been designed with functional groups
able to coordinate to metal ions, facilitating the dissolution of metal oxides and
salts?*’. These metal ions can be subsequently stripped from the IL phase to an

acidic solution?*° or precipitated in the same IL by electrodeposition???.

b. Nd electrodeposition from [C;C4Pyr] [THrN]: advantages and limitations

1-Methyl 2-Butyl Pyrrolidinium bis(trifluoro-methyl-sulfonyl) imide (Figure

IV.4), also known as [CiC4Pyr]"[Tf2N], is a common RTIL studied for metal

electrodeposition?>172%3,

Figure I'V.4. Chemical structure of [C;C4Pyr] [Tf2NT.

At 25°C, it has a good compromise between a wide electrochemical stability (5.2
V), a reasonable ionic conductivity (2.2 mS cm!) and viscosity (89 cP) compared

to other ILs (Table IV.1). It also has non-volatile and non-flammable properties.

Table IV.1. Viscosity (n), density (p), conductivity (x), and electrochemical
windows (EW) at about 293 K for some aprotic IL solvents. Values taken from

Barrosse-Antle ef al., 2010744,

TIonic Liquid nNi[cP] plgem3] k[mSem™] EW [V]

[Comim][T:N] 34 1.53 8.8 43
[C4mim][TH:N] 52 1.44 3.9 4.8
[Csmim][TH:N] 74 1.33 - 5
[C4dmim][TH:N] 105 1.42 2.0 52
[Comim][FAP] 74 1.56 1.3 5.3
[CiCapyrr][TE:N] 89 1.40 2.2 5.2
[C4mim][PFs] 371 1.37 1.5 47
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[C1C4Pyr]" is a large organic cation composed of a cyclic quaternary ammonium
with a low symmetry due to the presence of two different alkyl chains, methyl
from one side and butyl from the other. The quaternary ammonium ion is among
the most electrochemically stable compounds?*, and the carbon chains give this
cation a hydrophobicity character’®. [Tf;N] is commonly used as anion for
synthesizing hydrophobic ILs, with relatively low viscosities and high electrical
conductivities?®. As [TfoN] has a poor solvating power to cations?>®, the metal
cations dissolution is slow but once dissolved, its reactivity becomes easier to

256,257

study

IL electrochemical properties are nevertheless very sensitive to parameters such as
water content, oxygen presence and electrodes nature. Figure IV.5 shows some
examples of the electrochemical reduction behavior of the [CiC4Pyr]'[TN]

solvent and the effect of different water contents and oxygen bubbling.
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Figure IV.5. CV at 50 mV s™! and 25°C on [C1C4Pyr]*[Tf2N]" with a gold working
electrode. A: Water content influence (in ppm) in an argon headspace; B: O2
bubbling influence, I: oxygen reduction, II: electrolyte reduction. Results extracted

from Bonnaud et al/, 2017.%?2.

In Figure IV.5A, the cathodic polarization of a gold electrode resulted in a visible

electrochemical reduction of the solvent at about -3 V vs. Fc'/Fc with 40 ppm

%% There are discrepancies in the literature about the influence of the alkyl chains on the

electrochemical stability of the quaternary ammonium ion?3*.
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water, represented by the exponential current evolution. This reduction stability
was clearly induced by the water-content increase. The solvent stability starts to be
disturbed at -2.2 V vs. Fc*/Fc in presence of 2589 ppm water??2. O3 also influences
the current response under a cathodic polarization (Figure IV.5B). The current
evolution is certainly increased by the presence of bubbled oxygen and associated
to different steps of oxygen reduction. Although the [TfaN]™ degradation
consequences are uncertain, the reduction of fluoride anions could for instance
lead to the formation of toxic and corrosive products such as hydrogen

fluoride?*>-238,

The nature of the working electrode also contributes to the electrolyte stability. For
instance, crystalline gold (Au) and platinum (Pt) electrodes can provoke secondary
reactions such as the [Tf;N]  anion reduction®®®. CF3 is a by-product of this
reaction, an undesired anion for the Nd electrodeposition as it can complex Nd as a
insoluble fluoride metal salt?’?. Carbon-based electrodes seem to avoid this

reaction??? and were therefore considered here as working electrodes.

The metal reduction on the working electrode must be followed by an oxidation
reaction on the counter electrode, which is so far unclear in ILs solvents. Despite
the high electrochemical stability of ILs and the nature of the working electrode,
the upper end of the electrochemical window is usually limited by the anion
oxidation?**. Besides, the oxidation of [Tf2N]" at low cathodic potentials has been

222,260 A

previously evoked in the litterature “sacrificial” oxidizing agent is

therefore recommended to be included, either as dissolved ion (e.g., ferrocene???)
or the anode itself (e.g., copper?®!). Nevertheless, traces of IL have been observed
on metal deposits in presence of a supplementary oxidizing agent and could be
attributed to an electrochemical oxidation of the IL?*2. IL degradations affect the
deposit quality but also the solvent functionality in industrial processes, as its
recyclability could be drastically affected by impurities and solvent degradation?¢2.
This chapter covers an exploratory experimental study of Nd electrodeposition in a

two-compartments bioelectrochemical system, isolating the metal reduction from

the anodic (bio)oxidation.
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IV.3 Nd recovery with BES/RTIL system

IV.3.1 General principle

a. Overall system

Metal recovery by electroplating with bioelectrochemical systems has been

d%5:98:105.263-265 - Bijpelectrodes can reduce the energetic cost

extensively studie
required to drive a cathodic polarization that leads to a metal reduction at the
cathode surface. High purity metal deposits are subsequently expected to be
recovered from the cathode. REE electrodeposition is a challenge due to the high
cathodic polarization required, which implies a consequent energy cost, electrodes
that catalyze the desired reaction and electrochemically stable electrolytes. For the
last 20 years ILs have gain significant interest as electrolytes but stability issues
are still to be solved. A new BES configuration (illustrated in Figure IV.6)
displaces the oxidation to an aqueous second compartment, where the IL oxidation

is prevented. Besides, a bioanode is intended to reduce the energetic cost by

catalyzing the anodic reaction.
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Figure IV.6. Microbial Electrochemical System for Nd electrodeposition with an
IL catholyte.
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b. Membrane choice

The proposed configuration separates the IL and the biological system by a
membrane. The choice of a suitable membrane is extremely important, since there

are several incompatibilities between the two compartments:

e Water crossover from the aqueous phase to the IL catholyte, which narrows
the IL electrochemical window

e the probably low biofilm viability in an IL solvent,

e the biofilm stability under high cathodic polarization

e Metal crossover or complexation

For this first approach, the BES configuration included a bipolar membrane
(Figure IV.7), which is an hydrophobic separator that provides a proton transfer to
the catholyte to compensate the cations reduction and hydroxides to the anolyte to
balance the anions oxidation®%®. It is composed of two polymer layers carrying
fixed charges: an anion exchange membrane (AEM) and a cation exchange

membrane (CEM).

Intermediate
AEM |ayer CEM

0000
«—— OH

Figure IV.7. Bipolar membrane schema.

The desired function of bipolar membranes is to dissociate water into H™ and OH"
ions at the bipolar junction between the two polymer layers without any side
reactions (e.g,, H» and O» formation) or co-ions flux?¢’. This reaction is generally
driven by an applied electric field on the system. Produced protons and hydroxide

ions then migrate out of the membrane through the respective permeable layers.
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Even though in practice these desired assumptions are not fully respected, a few

95,268

reports have shown the compatibility of bipolar membranes with

bioelectrochemical systems for metal reduction.

c. Sacrificial oxidizing agent

The cathodic Nd electrodeposition requires a non-limiting oxidizing agent in the
anodic compartment. The first oxidizing agent investigated is acetate. It is a

common biodegradable compound widely used by electroactive bioanodes as

8 9

substrate for current production?!® and energy storage?®®. These electroactive
bacteria use a limited number of substrates, acetate being the most common among
different strains?’?. Acetate oxidation (described in Chapter III, equation III-1),
promotes an electron transfer towards the cathode, where the metal reduction takes
place. This electron transfer is thermodynamically not spontaneous due to the low
redox potential of Nd compared to the acetate (E°=0.187 V vs. SHE at pH 7). A
microbial electrolysis cell is therefore required, which implies the addition of a

supplementary energy source.

The second studied oxidizing agent is ferrocyanide. Ferricyanide/ferrocyanide is a
very chemically stable couple commonly used as redox shuttle for different
applications including bioelectrochemical systems?®®. It can be used in its
ferrocyanide form as oxidizing agent to reduce the Nd, but also as reducing agent
to couple with (bio)oxidation processes involved in the bioanode growth. This

reaction is given by equation I'V-2.

Fe[CN]¢~ < Fe[CN]3™ +e~ av-2)

In this study, electroactive bacteria are not intended to catalyze this reaction. This
chemical agent is a used as point of comparison. Considering that in this
configuration the Nd reduction is thermodynamically not spontaneous, the addition
of an energy source is required. The standard redox potential of this reaction
reported in the literature is 0.43 V vs. SHE at 30°C?’!. This redox potential is

advantageous as oxidizing agent since it is considerably lower than water oxidation
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(H20/02, E°=0.75 V vs. SHE at pH 8), and at the same time higher as reducing
agent compared to the H2O/H> reduction (E°=-0.47 V vs. SHE at pH 8).

In a first preliminary study, an electroactive biofilm is characterized in a single
chamber in presence of acetate. Then, it is proposed to explore the electrochemical
behavior of Nd reduction in a two compartments system with two different
oxidizing agents: acetate and ferrocyanide. A bipolar membrane is used as
separator between the IL catholyte containing the Nd ions and the anolyte with the

oxidizing agent.

IV.3.2 Preliminary experiments

a. Biofilm start-up in a single chamber reactor

Before any experiments with ILs, a preliminary study focused on a bioanode
growth from a pure culture of Geobacter sulfurreducens strain in a single chamber
reactor. The study aimed to have a first approach of a biofilm growth from one of
the most known electroactive bacteria?’>. The reactor was filled with 0.12 L of
modified Geobacter culture medium?”® containing: 2.5 ¢ L' NaHCOs, 1.5 g L*!
NH4CI, 1.64 g L'! CH3COONa, 0.6 g L'! NaH,PO4, 0.1 g L' KCI, 10 mL L! of
modified Wolfe’s mineral solution and 1 mL of Wolfe’s vitamin solution
concentrated 10 times. The reactor was autoclaved at 120°C for 15 min and
bubbled with 100% argon. Finally, a 10%v/v Geobacter sulfurreducens solution
(strain reference DSMZ 12127, Germany) was inoculated into the solution in

sterile conditions.

A three electrodes system was introduced in the electrolyte, with two carbon felts
(University of Reading, England) as anode and cathode (projected surface area:
13.75 cm?) and a saturated Ag/AgCl as reference electrode (Figure IV.8). The
anode was initially polarized at different potentials where Geobacter species use
the electrode as electron acceptor?’®. All the electrochemical measurements were

performed with a VersaSTAT 3 potensiostat (AMETEK® scientific instruments).
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A. Reference B.
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Figure IV.8. Single chamber configuration for Geobacter sulfurreducens growth:

A schema; B: picture of set up.

b. Electrochemical characterization

A single chamber system with low internal resistance due to the absence of a
membrane aimed to confirm the electroactivity of bacteria in a simplified
configuration. The biofilm growth on the anode surface was studied by applying a
potential difference between the anode and the reference, in an initially sterilized
culture medium (CM) inoculated with Geobacter sulfurreducens cells. This
configuration corresponds to a Microbial Electrolysis Cell (MEC), where an
exchanged current is consumed to promote the electrochemical reactions.
Parameters such as optical density (OD), pH, current density (against bioanode
surface) and potential evolution were followed during time (Figure IV.9). Setting
the anode potential at a value slightly above the acetate redox potential (-0.28 V
vs. SHE at pH 727%), provides with a control over the electron transfer from the

electroactive bacteria to the anode?'8.
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Figure IV.9. Geobacter sulfurreducens growth in the electrolyte: A. Anolyte OD
(A) and pH measurements (V). B: Current density and cathode potential behavior.
Chronoamperometry at 0.2 V vs. SHE started at 80 h from the inoculation.

The OD measurements presented in Figure IV.9A were associated with the
evolution of bacteria concentration in suspension. It is not easy to correlate the
suspended cells growth with the biofilm growth, but it is at least a point of
reference. The initial stable OD represents a lag phase of about 30 h, where
inoculated cells are adapted to their new environment. A pseudo-stationary phase
is reached 60 h later, where the OD has increased up to 0.18 and seems stable. The
slow OD evolution is indeed typical from a Geobacter cells culture in suspension,
and the growth stage should be linked with the biofilm electroactivity?’°. The pH
passed from 8.4 to 8.1 in 150 h, assuring a relatively stable pH at which Geobacter

can grow?’’,

Electrochemical measurements displayed in Figure IV.9B did not evidence any
current evolution during the first anodic polarization at 0.25 V vs. SHE. The next
polarization at 0.45 V vs. SHE increased the current density up to stable value
around 0.6 A m2. A current increase to 0.9 A m was subsequently observed at
130 h. It is probably linked to a modification of the electrochemical connections,
since no other parameters were modified. Although higher exchanged current
densities have been obtained in similar studies®’’, a stable response was obtained
over a period of 150 h. This was attributed to stable electrochemical reactions,
where both reducing and oxidizing agents were not limiting. The total exchanged

charge O measured by the potentiostat was 247 C. Based on Faraday’s law and the
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total reactor volume, this charge theoretically corresponds to a maximum acetate
consumption of 2.7 mM. Considering that the initial acetate concentration in the
electrolyte was 10 mM, the acetate was in excess during the experiment.
Nevertheless, following chronoamperometries didn’t show any current response at
the same potential. The system could be susceptible to aerobic conditions and/or

bacterial contamination.

Cyclic voltammetry measurements were also performed to compare the resulted
bioanode with an abiotic anode in a reactor containing a sterile culture medium

(Figure 1V.10).

03r e
Bioanode "
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Figure IV.10. CV in a single chamber on a graphite electrode: Abiotic anode (C1)
and developed bioanode in initially abiotic culture medium. CE: Platinum wire.

Scan rate: 1 mV s, T: 30°C.

The bioanode had an enhanced electrochemical response compared to the abiotic
anode (C1), specially for the oxidation reaction. This suggests a catalytic effect of
the biofilm towards an electrochemical oxidation reaction in the Geobacter culture

medium.

These preliminary experiments show common techniques to study the
electroactivity of exoelectrogen bacteria such as Geobacter sulfurreducens. It is
commonly accepted that this is one of the most electroactive bacteria, which is

highly expected in bioelectrochemical systems. BES with mixed cultures
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dominated by Geobacter sulfurreducens perform similarly to pure cultures of
Geobacter sulfurreducens with acetic acid as electron donor?’®. Besides, mixed
cultures are more robust regarding the environmental conditions and have a better

resistance to contamination of non-electroactive species.
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IV.4 Technology validation

IV.4.1 Biofilm growth in a two-compartments system

a. Biofilm start-up

The two-compartments set up used a mixed culture from a Geobacter-rich medium
initially fed with wastewater from a brewery in a fluid-bed BES reactor®®. The set
up displayed in Figure IV.11A consisted of two symmetrically parallel anodic and
cathodic compartments, built from a polypropylene plate using a digital milling
machine (ShopBot 3D) at Grenoble’s FabLab™". Three identical reactors were
connected in series in a closed system to favorize the growth of supporting

bioanodes (Figure IV.11B).

Reference

A.

(Bio)anode Cathode

= T

Bipolar
membrane

Figure IV.11. Two compartments set up. A: cell set-up; B: Picture of closed
circuit for biofilm growth and internal section of bioelectrochemical reactor,

bioanode side.

stk

FabLab: fabrication laboratory based on the Do it yourself and the free and open-source

movement.
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The choice of this mixed culture was to have a preselected electroactive bacterial
community more robust in the long term towards environmental conditions (e.g.
potential contaminations, N2:COz supply, O> concentration). The anolyte was
composed of the culture medium previously described, sterilized (120°C, 15 min),
degassed (Ar bubbling, 15 min), and inoculated with a 10%v/v sample of the
mixed culture. The catholyte contained 100 mM potassium ferricyanide solution,
K4Fe(CN)s. A constant external resistance of 50 Q was connected between anode
and cathode to assure current passage and cells were kept in this configuration at
30°C over a month. Once the bioanodes were established, chronoamperometry

tests were performed to study the bioanode electroactivity.

Small volume reactors were chosen to maximize the electrode surface per
compartment volume and to compensate the current high cost of ILs??2. The total
liquid volume per compartment was 2 mL. Both anode and cathode were composed
of 0.2 cm? extruded graphite plate with low porosity (Mersen, France), polished
with sand paper and connected to isolated stainless-steel wires. They were
distanced of approximately 1 cm and separated by a bipolar membrane'™ (FUMA-
Tech, Germany). An Ag/AgCl reference (0.205 V vs. SHE, 3.5 M KCl, Biologic
Science Instruments, France) was placed in the anolyte, avoiding any
contamination in the ionic liquid. Anolytes and catholytes were continuously
recirculated in a closed system at 50mL.h"! with a peristaltic pump (Masterflex's
Consol Drive). Their respective 100 mL reservoirs were maintained at 30°C in an

incubator chamber and were renewed at least once per week.

b. Bioanode electroactivity

Bioanodes “growth” from the reactors connected in series were punctually
followed by connecting a multimeter between anode and cathode. The cells voltage

was used as first indicator of the targeted bioanodes electroactivity. This is a

1t The bipolar membrane was composed of three compact layers: a cation exchange membrane of
40 pm thickness, composed of sulfonic acid groups in polyether ketone; a 20 pm thick anion
exchange membrane with polysulfoned bicyclic amines; and a 10 nm thick intermediate bipolar

junction of tertiary ammonium groups to catalyze water splitting.
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simple and economic technique that considers the ferrocyanide redox potential as
reference, allowing to follow the bioanode potential evolution. Besides, it
suppresses the constant use of a reference electrode for a long period, which is less
practical in terms of maintenance and represents a supplementary cost. At the
starting point, this cell voltage was about 0.1 V. After several weeks, the cell
voltage of reactors reached values up to 0.5 V. Chronoamperometry tests were
performed on one of the reactors by fixing a cell voltage of 0.5 V with the
potentiostat and previously renewed anolyte and catholyte. Current and power
responses are observed in Figure IV.12. Considering that both anode and cathode
had the same projected surface area, current and power densities were calculated

based on 0.2 cm? electrodes.

OCV + Chronoamperometry | — Mixed culture

-0.35 0.15

-0.4 0.1

PWm~
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Figure IV.12. A: cell potential evolution. B: Current and power evolution of a two
compartments BES with a Ucen = 0.5 V at 30°C.

The cell voltage was firstly followed in an open circuit and once it reached a cell
value of -0.45 V, the cell voltage was maintained fixed (Figure IV.12A). Since the
chronoamperometry started, current increased progressively until a maximum of
0.28 A m? (Figure IV.12B). The low current density response of this mixed
culture cannot be compared to the pure culture electroactivity unless the BES
architecture is the same?'. Nevertheless, the bipolar membrane is responsible to an
extend of increasing the energy losses. The activation resistance of this membrane
has been considered as a major limitation for BES performance®’’. Although the

fact of maximizing the current density is essential, the bipolar membrane had an
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important role of selectivity towards the aqueous system and IL interactions. This

configuration was therefore kept for the IL characterization.

IV.4.2 Electrochemical behavior of the IL in a two-compartments

system

a. Experimental

The electrochemical characterization of the two-compartments configuration is
based on the experimental set-ups presented in Figure IV.13. Two different
oxidizing agents in the aqueous phase were separately tested in the anolyte:
ferrocyanide (Figure IV.13A) and acetate (Figure IV.13B). To prepare the
catholyte, an equivalent of 50 mM Nd from a [Nd][Tf:2N]; salt was dissolved in a
[C1C4Pyr]'[Tf2N] solution and dried at 40°C under vacuum for at least 24 h.
Argon bubbling for 15 minutes was preconditioned before any electrochemical

measurement to expel the oxygen from the solvent.
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Figure 1V.13. Nd electrodeposition set up with two sacrificial oxidizing agents in
the anolyte: A. Potassium ferrocyanide. B: acetate in bacterial culture medium.

Cyclic and linear sweep voltammetry measurements were performed from the open
current voltage (OCV) to potentials below the IL electrochemical window. Both
anode and cathode’s potential were followed against an Ag/AgCl reference

electrode placed at the anolyte compartment. The advantage of this configuration
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is the use a common reference electrode without any contact with the IL phase,

where the IL is normally incompatible®’8.

Nevertheless, due to the ohmic
resistance between the working electrode and the reference electrode, a corrected

cathode’s potential (E™ in V) was calculated via equation I'V-3.

E*=E — (Ronm * Imeas) av-3)

Where E is the measured potential difference in V between cathode and reference
electrode, Ronm is the ohmic resistance in Q, measured before the electrodeposition
by a galvanostatic impedance spectroscopy (GEIS), and /s the current measured
in A. Impedance spectroscopic experiments were run before the
chronoamperometry tests from 200 kHz to 0.1 Hz between cathode and reference
electrode. Impedance signal oscillated with an amplitude of 50mV around the
OCV. The ohmic resistance obtained at high frequencies contains the ohmic

contribution of electrodes, electrolyte, bipolar membrane and interphases.

b. Abiotic system

The electrochemical reduction and oxidation on the working (WE) and counter

electrode (CE) were respectively followed by CV measurements (Figure IV.14).
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Figure 1V.14. CVs on the abiotic system in batch at 30 °C and catholyte:
[C1C4Pyr]"[TaN]. A: Anolyte: 100 mM potassium ferrocyanide, at 1 mV s™!. B:
Anolyte: culture medium (CM), at 10 mV s!. WE: graphite working electrode, CE:
graphite counter electrode. E* corrected with ohmic resistances.
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The catholyte stability in presence of a Nd** salt dissolved in the IL was compared
by following the WE behavior. The electrochemical stability of the culture medium
and the ferrocyanide anolytes was determined via the CE evolution. Cathode
electrode potential was corrected by the ohmic resistance with equation IV-2,
whereas the anode accuracy was assured by the low distance between the reference

and the anode.

Regardless of the anolyte, the cathodic current evolution when the solvent
contained Nd (b. WE) showed a faradic behavior starting from approximately -2 V
vs. SHE. This reaction involves Nd** reduction, but parasite reactions such as
water reduction and IL degradation may also take place. For instance, the IL
solvent reduction started at around — 2.4 V vs. SHE (a. WE), compromising the
solvent stability. Besides, water transported from the anolyte to the catholyte can
react at these polarization levels. The electrochemical window of the IL was
nevertheless wider in absence of Nd, which is important to reduce Nd without

reducing the solvent.

The anodic current followed on the counter electrode (CE) was certainly affected
by the anolyte. In presence of ferrocyanide (Figure IV.14A), the anode potential
required to assure the reduction of Nd was remarkably stable. The cathode was
polarized from 0.2 V vs. SHE to -3.2 V vs. SHE, whereas the anode polarization
shifted from 0.43 V vs. SHE to 0.46 V vs. SHE. On the contrary, the anode in the
synthetic bacteria medium was highly polarized (Figure IV.14B). It exceeded the
anolyte electrochemical window, indicating water oxidation as main responsible of

the faradic current.
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c. Biotic system

The same previous configuration with a culture medium and in presence of a
bioanode was used to characterize the Nd electrochemical behavior. Working and
counter electrode’s potential were measured during a cathodic LSV to follow the
catholyte reduction and anolyte oxidation respectively (Figure IV.15). During this
measurement, the cathodic behavior of the IL in presence of Nd>* starts at about -1
vs. SHE. Considering that Nd reduction occurs at lower cathodic potentials, this
faradic behavior is associated with other reactions. This could be related to a water
crossover, since the water presence could reduce the IL electrochemical window.

However, a bacterial effect cannot be discarded.
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Figure IV.15. LSV on the two IL/BES system at 10 mV s’'. Catholyte:
[CIC4Pyr]'[TfoN], anolyte: culture medium (CM). WE: graphite working
electrode, CE: graphite counter bioelectrode previously established. E* corrected
with ohmic resistances.

The bioanode performed different oxidization steps before reaching the water
oxidation in the synthetic medium. The first step could be related to acetate
oxidation since it occurs between -0.25 V vs. SHE and -0.1 V vs. SHE, just above
its standard redox potential. At these pseudo stationary conditions, the limiting
current density for acetate oxidation in the bioanode (jmax) Would be of 14 A.m™.
At higher currents, the anode potential increased as other reactions became more

influent, including water oxidation.
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The low oxidation potential acetate compared to ferrocyanide (AE) represents a
cell voltage diminution up to 0.67V since the anode potential is closer to the
cathode potential for neodymium reduction. Acetate oxidation catalyzed by
bacteria is limited to a low current range but has a thermodynamic voltage gain.
Therefore, a power save in the system is possible as far these conditions are

maintained.

IV.4.3 Neodymium electrodeposition assessment

a. Experimental

The Nd electrodeposition assessment was performed in the two-compartments
configuration with acetate as oxidizing agent (Figure IV.13B). An equivalent of
50 mM Nd*' in a [Nd][Tf:N]s solvent was used as catholyte, whereas the anolyte
was the culture medium previously described with 20 mM acetate. As mentioned
before, an energy supply is required to have a cathodic polarization that favorizes
the Nd reduction. A progressive cathodic polarization was preconditioned by a
galvanodynamic technique based on Bonnaud’s protocol?’2. From 0 to 1 mA, an
applied current between cathode and anode was increased stepwise, with a step
height of 0.025 mA and steps that lasted 45 s each. At 1 mA, the current was
maintained constant for a period of 6 h via a galvanostatic technique. This protocol
intends to avoid a sudden high cathodic polarization, which seems to induce a
capacitive response on the system???. This capacitive behavior would rather store
the input electric charge instead of favorizing the Nd electrochemical reduction.
Besides, a maximum fixed current density of 5 A m™ in the bioanode should allow
an adequate polarization for acetate oxidation according to the CV measurements

displayed in Figure IV.15.

At the end of the electrodeposition tests, the cell was dismantled, and the cathode’s
surface washed twice with Ethanol 99% to clean possible traces of the IL solvent.

To avoid any oxidation, electrodes were stored in a glove box filled with N2 99%
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until they were characterized. Cathode was observed with a Field Emission Gun
Scanning Electron Microscope (FEG SEM) and elements present on the surface
were semi-quantified by energy dispersive X-ray spectroscopy (EDS), described in

Annex 1-F.

b. IL/culture medium with abiotic anode

A first Nd electrodeposition test using an abiotic anode was assessed. A current
density of 5 A m™ was fixed between the cathode and anode. The fixed current and

cathode potential evolution are presented in Figure IV.16.
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Figure 1V.16. Electrodeposition electrochemical assessment on a two
compartments system. Catholyte: [C1C4Pyr]"[Tf;N]” +50 mM Nd**, anolyte:
culture medium with 20 mM acetate, with an abiotic anode. E* corrected with
Rowm: 52.9 Q.

The dynamic current evolution during the first 30 minutes allowed the cathode to
reach progressively a cathodic potential low enough to reduce Nd. A brusque
cathodic polarization could indeed favorize an accumulation of an electrochemical
double layer composed of charged species at the vicinity of the cathode surface®??.
This accumulation represents an energetic barrier for the electrons transfer. It is
very important to avoid supplementary energetic losses since the IL already has an
inherent low conductivity at room temperature?’”®, and Nd** diffusion coefficient is

estimated to be in the order of 10 cm? s! approximately?®’.
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Once the system reached 5 A m™, the cathode potential stabilized towards a range
between — 3.5 V vs. SHE and — 3.3 V vs. SHE. Thus, the electrochemical reduction
occurring in the IL should be relatively constant. Despite the hydrophobicity of the
bipolar membrane, water could pass from the anolyte to the catholyte, inducing
supplementary reactions and compromising the faradic efficiency of Nd reduction.
Based on the Faraday’s law, the total coulombic charge consumed (16.5 C) was
theoretically sufficient to reduce the Nd®" mass present in the 50 mM Nd**

solution. The final Nd concentration in the IL was unfortunately not measured.

Obtained deposits were subsequently analyzed by SEM-EDS. The microstructure
of a specific region on the cathode surface was amplified x500 (Figure IV.17a).
The fractionated microstructure is probably linked with the non-homogenous
deposit substrate, in this case the graphite electrode. A, B and C dots point at zones
with differentiated gray contrasts, analyzed by EDS and displayed in Figure
IV.17b.
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Figure IV.17. Graphite cathode characterization post electrodeposition tests,
anolyte: culture medium, anode: abiotic graphite. a. SEM images magnification
x500; b. EDX spectra on two deposit points. Symbols correspond to characteristic
peaks of elements (® : Nd,&: S, ®:F, *:0,m:C).

The contrasted gray color zones observed in the SEM image had EDS spectra with
several peaks that fitted with the Nd characteristic response. Characteristic peaks

of sulfur and fluor, oxygen and carbon also fitted with the samples. All these
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elements are present in the solvent anion, representing IL traces on the deposit.
The relative atomic percentage of each identified element and its relative
measurement error were hence quantified based on the obtained signal from the
EDS spectra and displayed in Table III.1. This semi-quantitative technique
doesn’t quantify the Nd total deposited mass, but it is used as indicator of relative

atomic purity compared to other elements.

Table IV.2. Elemental analysis of the electrodeposited deposits from a IL/abiotic

culture medium system, obtained at different points previously identified.

Elemental analysis (atomic %)

Points Nd o S T N

A 31.3+£29 324+143 62+41 56+151 19+23.8
B 354+29 362+149 98+44 11.6+17.6 69+27.8
C 31.3+3.0 165+209 280+39 206+17.6 3.7+48.3

EDS results show that at least 31% of the deposit contained Nd. However, it is
important to take into account that some identified elements such as oxygen, fluor
and nitrogen, had a high measurement error. It is recommended to consider that
EDS is reliable to identify these light elements, but not necessary to quantify
them??2. Besides, the non-planar morphology alters the photons excitation and their
corresponding response. Compared to sulfur element that has a more reliable
value, Nd was up to 5 times more concentrated. The Nd:S ratio was therefore used
as indicator of Nd deposits purity. Points A, B and C had a Nd:S ratio of 5.0, 3.6
and 0.1, respectively. Considering that 3 [TF2N] anions containing two S elements
each are required to combine with one Nd** atom, Nd was definitely concentrated

at these punctual points.

c¢. Nd electrodeposition coupling IL/BES with a bioanode

A second study used a previously developed bioanode to evaluate the Nd
electrodeposition in an IL/BES system. A current density of 5 A m™ was fixed
between the cathode and the bioanode. The fixed current and the cathode potential

response are presented in Figure I'V.18.
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Figure IV.18. Electrodeposition assessment on a two compartments system.
Catholyte: [C1C4Pyr]*[TfaN] +50 mM Nd**, anolyte: culture medium with 20 mM
acetate, with a bioanode. E* corrected with Ronrm = 60 Q.

The cathode polarization went up to -3.5 V vs. SHE during the first dynamic
current phase, and then slowly shifted to -3 V vs. SHE. This behavior is very
similar to the previous cathodic polarization in presence of an abiotic anode. Thus,
the anolyte was not a limiting factor. Subsequently, the resulting deposit was

characterized by SEM -EDS (Figure IV.19).
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Figure IV.19. Graphite cathode characterization post electrodeposition tests,
anolyte: culture medium, bioanode on graphite. a. SEM images magnification
x500; b. EDX spectra on two deposit points. Symbols correspond to characteristic
peaks of elements (® : Nd,&: S, ®:F, *:0,m:C).

The fractionated microstructure obtained (Figure IV.19a) is influenced by the

graphite support as for the abiotic deposit. Two areas distinguished by their
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contrasted gray color were characterized by EDS. Points A and B from the
micrograph represent each of these areas. Their EDS spectra are presented in

Figure IV.19b.

Characteristic peaks of Nd, S, F, O and C were identified again. Table IV.3 shows
the elemental analysis of points A and B. The Nd:S ratio of the atomic percentage
was very different from point A to B. While point A had a Nd:S ratio of 1.4, point
B had 10.8 times more atoms of Nd than S. Traces of other elements symbolize
that the IL was still present in the deposit. In both abiotic and biotic systems, the
Nd:S ratio was punctually higher than in a single chamber Nd electrodeposition
containing [C1C4Pyr]*[TfoN] 222, The biofilm doesn’t affect negatively the Nd

deposit, but its relevance is questioned.

Table IV.3. Elemental analysis of the electrodeposited deposits from an IL/BES

system, obtained at different points previously identified.

Elemental analysis (atomic %)

Points —m= O S F N
A 3325130 2702150 170230 2555140 721254
B 26.0+£29 588+128 24+60 02+509 12.3+19.1

A simplified energetical balance comparing the abiotic and biotic systems is

presented in Table IV .4.

Table IV.4. Energetic balance of biotic and biotic systems at 5h of the
chronoamperometry test.

System Eaverage (V vs. SHE) Q(C) E (J)

Abiotic 3.6 16 57.8
Biotic 3.4 155 534

The cathode polarization and the total consumed charge were slightly superior in
the abiotic system. The consumed energy related to the cathodic polarization
calculated as the charge times the cathodic potential was 7.5% higher. This
energetic gain in the biotic system could be linked to a catalytical effect of

bacteria, but many other parameters must be considered: this energy doesn’t
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consider the anodic polarization, which may be similar considering they have both
the same anolyte; the water crossover overpassed the miscibility of water in this
IL, decreasing the energy performance regardless of the bacteria presence; the Nd
quantification would allow to calculate the recovery efficiency and the pertinence

of both abiotic and biotic systems.

From the obtained results, the stability of the IL is still not solved. This possesses

many challenges:

e The solvent recyclability is compromised as far as the IL solvent is
degraded during the electrodeposition.

e Water content in the catholyte must be prevented or highly reduced to lower
the risk of parasite reactions such as water electrolysis.

e The choice of a membrane with lower water permeability or a biphasic
system without membrane must be considered. Membrane-less biphasic
systems containing bacteria-rich aqueous phase and an IL phase have been
already explored®®!. It is nevertheless highly recommended to avoid the

water electroactivity in the IL phase.

IV.4.4 To sum up

Preliminary results in a single chamber cell let to study the biofilm electroactivity
in a simplified system. Under the studied experimental conditions, a maximum
current density of 0.9 A m™ (against bioanode surface) was exchanged in the
bioanode composed of Geobacter sulfurreducens. In a two compartments system,
electroactive biofilms were grown with a low current density. An optimized
architecture could ensure a better performance, but the bipolar membrane was kept
for its selectiveness towards the possible exchanged ions between the aqueous and

IL solvents.

Nd deposits were punctually and heterogeneously identified on the graphite

surface. They put in evidence other components such as sulfur and fluorine,
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normally present in the ionic liquid. A possible IL degradation is suspected. These
punctual measurements show a tendency of higher Nd:S ratio when the bioanode
was employed, suggesting that the deposits contained a higher purity of Nd. The
use of a bioanode to catalyze the sacrificial oxidation was not counterproductive
for the Nd deposition, but its relevance remains questionable. It is recommended to
analyze the bioanode stability during and after the electrodeposition. Parameters
such as the anode potential and the acetate concentration would be good indicators
to follow the oxidation reaction evolution. Finally, the Nd mass balance after the
experiment would lever to quantify the Nd deposits and therefore to complement

the technology performance evaluation.
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IV.5 Conclusions & perspectives

The acceptance of ionic liquids as solvent of the future for REE electrodeposition
requires to assure the stability during the process. In this exploratory study, two
compartments system intended to decorrelate the cathodic reduction of Nd from a
“sacrificial” oxidation reaction, with the intention of avoiding any IL oxidation.
An electrochemical characterization to identify the viability of the Nd
electrodeposition on acetate and ferrocyanide as electron donors was performed.
Besides, a bioanode aimed to reduce the energetic barrier of the process.

Conclusions can be highlighted as follows:

Bioanode growth

(iv) A single chamber reactor is a useful reference point to characterize a
complex system that combines two different environments.

(v) A simple technique using ferricyanide as electron acceptor in a two
compartments system enabled the development of an electroactive

bioanode.
Ionic liquid compatibility with BES

(1) Nd was successfully deposited on a cathode surface using ferrocyanide
and water as sacrificial oxidizing agents in a two compartments system.
(11)  The bioanode contribution to the Nd recovery by lowering the energy
consumption during the electrodeposition is possible but needs to be

confirmed in another configuration.
Many questions arose as perspectives from this study:

- Is it worth to increase the bioanode surface to improve the stability towards
the acetate oxidation instead of favorizing the water electrolysis?
- Is it possible to design an IL more compatible with aqueous solutions at

very low cathodic polarizations?
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- Can functionalized membranes avoid the water crossover without
significant supplementary resistances that compromise the energy

performance?
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Conclusion and Perspectives

“From the established goals...”

Metals are in the core of a sustainable development. To tackle the economic and
environmental requirements for the metal provisioning, sustainable processes are
targeted as priority for both primary and secondary mining. This work is thus
focusing on the recovery of metals from synthetic solutions, prospecting its
application in matrices such as minerals, marine sediments and end of life

products.

While conventional hydrometallurgical treatments use large amounts of chemicals,
energy and resources, this project aimed to develop greener processes by using
bioelectrochemical systems. These systems present numerous potential
applications on metal recovery processes from low-metal content aqueous
matrices. Combining the expertise of LEPMI, Ghent University and VITO, three
bioelectrochemical strategies were investigated during this work and can be

summarized as follows:
(1) Metal-bacteria interactions

Shewanella oneidensis and Cupriavidus metallidurans are sustainable driven
agents for metal recovery and metal nanoparticle synthesis. The facility to growth
these bacterial cultures of these strains under sterile conditions and their versatility
towards interactions with metal ions was exploited to recover separately gold and
chromium. Initially viable pure cultures of these strains were an excellent support
for gold recovery, retaining up to 92.8% gold in presence of H> as electron donor,
pH 5 and anoxic conditions over a period of 72 h. Besides, these suspended cells
successfully synthetized 50 nm Au nanoparticles at the external bacteria cell wall.

These are potentially functional products as catalysts for applications from medical
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diagnostic to environment remediation. A combination of active and passive
mechanisms are suspected to be involved. The Chromium removal on the other
hand was not as effective as gold. A maximum chromium uptake of 53.5% was
obtained in 96 h from Shewanella oneidensis, at pH 5, anoxic conditions and H> as
electron donor. Cr(l1l) nanoparticles are suspected to be formed on the bacterial
surface and inside the cell. Even though both metals are not necessarily essential
for bacterial metabolism, interactions between the metal and bacteria are indeed
not the same. Cr(VI) for instance leaded to lower accumulation capacities by

bacteria compared to Au(lll). The toxic effect of Cr(IV) may be a limiting factor.

The introduction of a cathode as electron donor for metal bio-recovery at a
nanoscale was explored for the first time. A cathodic polarization at -0.3 V vs.
SHE accelerated the metal uptake to 95 % in 24 h. The synthesis of 18 nm AuNPs
on bacterial external walls were also achieved. For Cr(VI), a cathode potential
fixed at -0.8 V vs. SHE enhanced the Cr removal up to 61 % in 24 h. Cr(lll)
nanoparticles were speculated, but a size distribution analysis was not possible as
for gold. Microorganisms had a role of nano-particles substrate, whereas the

cathode polarization assured the metal ions reduction.

(i)  Advanced electrodes for metal precipitation in saline environments

Gas diffusion electrodes hold a great advantage regarding the oxygen reduction
reaction as intermediate for metal precipitation. Here, ORR in a GDE was coupled
to a bioelectrochemical oxidation to increase the solution pH and indirectly
precipitate metal ions from an acidic (pH 3) and conductive (30 g L* NaCl)
solution. The oxygen diffusion, known as a limiting factor for ORR, was enhanced
by a supplementary air supply that crossed a gas diffusion cathode developed at
VITO. Driven by a halophilic electroactive bioanode poised at 0.4 V vs. SHE, a
panel of elements from transition metals to REE were successfully 100% recovered
in 33.7 h. The formation of distinguished precipitation plateaus allowed a selective
separation of metals. To give an example, copper was 100% recovered in the first
plateau at a pH of 6.4 and 91.6 % of samarium recovered at the second plateau at

pH 8.2. In a microbial fuel cell configuration, where no external energy inputs
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stimulate the electrodes polarization, the same panel of metals was 100 %
recovered, this time in 92.8 h. Similar precipitation plateaus were observed, with
96.5 % copper and 89.4 % samarium recovered in first and second plateau
respectively. Precipitation of other metals on these plateaus is nevertheless

unavoidable and a further step to separate these metals is therefore required.

(iti)  BES/IL coupling system for Nd electrodeposition

Hydrophobic room temperature ionic liquids are potential solvent candidates to
replace commercial VOC and molten salts used for REE electrodeposition
processes. Low oxidation electrochemical stability during time is a key bottleneck
addressed by the addition of a sacrificial oxidizing agent in a second compartment
and separated by a bipolar membrane. Nd electrodeposition in a [C1C4Pyr] [TN]
solvent was successfully achieved with a bioanode assuring the oxidation reaction.
Considering the quantity of Nd atoms per sulfur atoms as indicator of the deposit
purity, a maximum Nd:S ratio of 10.8 achieved symbolize a highly pure Nd
deposit. Besides, an abiotic anode also achieved a Nd deposit with a maximum
Nd:S ratio of 5. Energy savings of 7.5 % are suggested by the use of a bioanode
compared to the abiotic, but analysis on the anode energetic consumption would be
interesting to complement the energetic balance. From CV measurements, current
densities lower than 14 A m™ (against bioanode surface) are recommended to
maintain an adequate bioanode potential for acetate oxidation. Finally,
ferrocyanide could also be contemplated as oxidizing agent, considering its stable
redox potential and the voltage gain compared to the water oxidation.
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“...to the research prospects.”

Q)] Metal-bacteria interactions

Microorganisms as potential ‘nano-factories’ powered by electrochemical systems
opens a new route of bioelectrochemical configurations. The establishment of
optimal conditions for both metal recovery and nanoparticles synthesis needs to
take into account a deeper study on the fixed cathode potential, the electrode-
bacteria-metal interactions and its potentials applications to other metal-containing
streams. Metallic nanoparticles tests on specific applications could also help to

evaluate the applicability of these expected added-value products.

(i)  Advanced electrodes for metal precipitation in saline environments

An optimized geometry minimizing the distance between electrodes is mandatory
to maximize the halophilic bioanodes capacity to drive the oxygen reduction
reaction. The stability of the cathode is also important to evaluate, since oxygen
and saline conditions increase the risk of corrosion. The electrode performance
evolution within metal recovery cycles could be interesting to study. Leached
marine mineral are also pertinent to test, since they contain other elements that

complex differently the metals present.
(iii)  BES/IL coupling system for Nd electrodeposition

A better understanding of the Nd electrodeposition Kinetics in ILs could contribute
to the establishment of an optimum set up. The effect of a sacrificial oxidizing
agent in an aqueous phase could diminish the oxidative degradation of the IL, but
the IL could still be degraded by the water crossover. The choice of a compatible
membrane for both IL and aqueous compartments is therefore mandatory (i.e.
limiting the water passage whilst keeping a low resistance). Besides, the water
effect in reducing the energy efficiency of the process is known, but its effect on

the recyclability of the IL would be interesting to check.
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Annexes

Annex 1: Analytical techniques

1-A: Inductively coupled plasma, optical emission spectroscopy (ICP-OES)

The metal concentrations from experimental assays were measured by inductively
coupled plasma optical emission spectrometry (ICP-OES) (Varian Vista-MPX
CCD simultaneous, Australia). Samples were firstly filtered (0.2 pm disposable
syringe filters, Macherey-Nagel, Germany) and diluted with 1% v/v HNO3. They
are injected in a plasma at approximatively 8000 K through a capillary, where
species are ionized and emit photons. The wavelength of the emitted photons is
characteristic of the element and can be analyzed by an optical detector. The
intensity of photons is directly linked to the concentration of the element and can

be determined by the preparation of calibration curves.

1-B: Transmission Electron Microscopy (TEM)

1.5 mL samples were centrifuged (Eppendorf, 5430) for 5 minutes at room
temperature and 5000 rcf. The supernatant was discarded, and the pellet was fixed
with 1 mL of fixing solution (4% paraformaldehyde, 5% glutaraldehyde in 0.1 M
cacodylate buffer from VWR, Merck, USA). The samples were centrifuged once
again, and stained with OsO4 (VWR, Merck, USA). Following this, the sample was
dehydrated stepwise with alcohol (30,50,70, 100%, supplier, country). The pellets
were then embedded at room temperature in Epon medium. Semithin sections of 1
um were first stained with toluidine blue, for initial visual observation of the cells.
Subsequently, ultrathin sections (= 60 nm) were cut with a diamond knife and
contrasted with uranyl acetate and lead citrate. With the help of a Zeiss TEM 900
(Carl Zeiss, Oberkochen, Germany) at 50kv, a beam of electrons is transmitted on
the sample and based on their interactions an image is given. The dimensions
(width and length) of the bacteria cells and particles were determined using ImageJ

software (National Institutes of Health, NHS).
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1-C: UV-visible spectrophotometer

This is a method used to identify concentration and chemical nature of species
based on the absorbance intensity and wavelength respectively. Samples of 1 to 2
mL are hit by a light beam at a precise wavelength, and the ratio between the

incident and transmitted beam intensities allows us to measure absorbance.

Characteristic peaks of gold nanoparticles were identified by scanning the UV -vis
spectra from 300 nm to 800 nm on a light wave spectrophotometer (Biochrom
WPA1100nm II, UK). The Cr(VI) concentration was estimated from the
absorbance when fixing the wavelength at 540 nm. To do so, samples were firstly
centrifugated and diluted with distillated water and 1,5-diphenylcarbazide as an
indicator reagent for the complexation reaction with Cr(VI), as described in the
standard colorimetric method EPA 7196 A (ref: Epa. METHOD 7196A -
Colorimetric Method. 1992. p. 1-6).

1-D: Flow cytometry (FC)

Concentrated bacterial solutions and reactor samples were analysed by flow
cytometry (FC) to obtain information about the number of cells and their viability
based on membrane integrity**?. Samples were diluted using freshly filtered NaCl
0.9% w/v. To determine the total cell count, cells were stained with SYBR® Green
I (SG, 100x concentrate in 0.22 pm-filtered dimethyl sulfoxide, Invitrogen). For
viability analysis, SYBR® Green I was combined with propidium iodide (SGPI,
100x concentrate SYBR® Green I, Invitrogen, and 50x 20 mM propidium iodide,
Invitrogen, in 0.22 um-filtered dimethyl sulfoxide). PI only enters cells with a
damaged or permeabilized membrane, thus, differentiating intact versus putative
dead or damaged cells which displayed an increasing red fluorescence emission
when membrane damaged-cells increases?®’. Bacteria viability ratio is provided by
quantification of cell densities in the different fluorescent channels. Stained
samples were incubated for 13 min at 37 °C. Measurements were obtained by the
Accuri C6 flow cytometer equipped with a 20 mW 488 nm blue laser with
autosampler. The performance of the instrument was monitored daily and
calibrated with the CS&T calibration beads (BD Biosciences, Belgium). The

occurrence of cells was determined by analysing the number of events per volume
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on green vs. red fluorescence plot in the BD CSampler Plus software (version

1.0.264.21, BD Biosciences, Belgium) on gating defined by the FC density plots.

1-E: Gas chromatograph (GC)

Headspace gas composition of reactors was analysed with a compact gas
chromatograph (GC) (Global Analyser Solutions, Breda, The Netherlands). It
contained a Molsieve 5A precolumn and Porabond column (O», N2, CH4, H>) and
an Rt-Q-bond precolumn and column (CO2, N>O). 1 mL samples were taken with a
syringe equipped with a valve and immediately injected and analysed in the

Porabond column at the beginning and at the end of the experiments.

1-F: SEM - EDS
A Scanning Electron Microscope (SEM, ZEISS® Ultra-55 FEG) was used to

characterize the cathodes after the electrodeposition tests. An electron beam
scanned the surface of a conductive material leading to the emission of various
particles (e.g., secondary electrons (SE), backscattered electrons (BSE) or even X-
rays). SE and BSE give topographic and chemical information respectively.
Sample were placed at a working distance (WD) of 9 mm. Besides, an energy
dispersive X-ray spectroscopy detector (EDS, XFlash 5030) was used to identify
and semi-quantify chemical elements present at the surface of the material. The
signal for both imaging and elements semi-quantification used an acceleration

voltage of 15 kV.

1-G: HPLC

Lactate concentration was measured with a High Performance Liquid
Chromatography (HPLC) technique. 1 mL samples were firstly filtered (0.2 pm
disposable syringe filters, Macherey-Nagel, Germany) and diluted with 10% v/v
distillated water. They were subsequently analyzed in an ion chromatography 930
dual channel compact IC flex with 944 professional UV/Vis detector Vario
(Metrohm, Switzerland).

1-H: Raman spectroscopy

After being treated, bacterial cells were harvested and fixed in paraformaldehyde

4%. First, ImL of the sample was centrifuged at 1,957 x g for 5 minutes at room
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temperature. After discarding the supernatant, the pellet was resuspended in 0.2
um filtered Phosphate-buffered saline (PBS, Thermo-Fisher) at 4°C. Samples were
centrifuged at 1,957 x g for 5 minutes at room temperature. After discarding the
supernatant, the pellet was resuspended in 0.2 um filtered (RC Minisart filter,
Sigma-Aldrich) 4% paraformaldehyde, and allowed to fix for an hour. To wash the
cells, they were centrifuged (5 minutes at 1,957 x g and room temperature) and
resuspended in 1mL of cold (4°C) PBS twice. Then, samples were centrifuged and
resuspended in fresh Milli-Q water (Merck-Millipore) and four SuL drops were put
on the CaF2 slide (grade 13 mm diameter by 0.5 mm polished disc, Crystran Ltd.)
and allowed to dry until evaporation at room temperature. Finally, the slides were
immediately analyzed using Raman spectroscopy with a WITec Alpha300R+
spectroscope with a 785 nm laser (Toptica, Germany). To analyze the Raman
spectra, the program R was used (R Core Team, 2018). Spectra were pre-processed
with the Micro-Raman package. First, they were cut in the region 370-1800 cm™.
Then, baseline correction was done using the SNIP algorithm with 10 iterations.
Data normalization was done with the MALDIquant package (v1.16.2, Gibb &
Korbinian, 2012),using the area under the curve (AUC).
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Annex 2: Supplementary materials

2-A: Ionic distribution

Gold(III) in a chloride solution and chromium (V).
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2- B: Raman peaks analysis for initially-viable bacteria with chromium

Wavelength Intensity  Closest identified Tentative peak assignment
(cm™) (A.U) region (cm™)
544 0.209 545 Cr (111)
605 0.798 606 Cr(I1)
752 1.028 750 Cytochrome - ¢
845 0.439 846 Cr (VI)
1005 1030-1130 Carbohydrates, mainly —C-C- (skeletal), C-
1.636 O, deformation (C-O-H)
1009 1030-1130 Carbohydrates, mainly —C-C- (skeletal), C-
1.634 O, deformation (C-O-H)
1013 1030-1130 Carbohydrates, mainly —C-C- (skeletal), C-
1.620 O, deformation (C-O-H)
1128 0.770 1128 Cytochrome - ¢
1204 1.050 1204 Glycine
1244 1.552 1248 Amide 111
1255 1.634 1245 Adenine, amide 111
1258 1.749 1258 Amide 11, adenine, cytosine
1262 1.545 1260 CH2 in-plane deformation of lipids
1312 1.089 1311 Cytochrome - ¢
1441 1.706 1440 CH; and CHs deformation vibrations (lipid)
1445 1.758 1446 CH; bending mode of proteins and lipids
1452 5105 1451-1453 CH,/CHs deformation, PHB
1455 2549 1451-1453 CH,/CHs deformation, PHB
1459 1454 Overlapping asymmetric CH3 bending and
2.652 CHg; scissoring (elastin, collagen, and
phospholipids)
1462 2138 1458 Nucleic acid modes
1466 1.574 1463 Fermi interaction 6(CH,) and y (CH>)
1582 0.486 1582 Cytochrome - ¢
1669 1.514 1667 Protein band , C=C stretching band
1675 1.543 1676 Amide | (#-sheet)
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