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Abstract

Extremely acidic water with high metal concentrations is often produced during mining
and processing of sulfidic ores. Sulfur-oxidizing microorganisms contribute significantly
to the acidification of the water streams and oxygen depletion by oxidizing reduced
inorganic sulfur compounds (RISCs) — which are released to the mining waters during
the processing of sulfide minerals — to sulfuric acid. The acidic water continues leaching
metals from minerals and the metal concentrations thus further increase.

Certain metals can be recovered from acidic solutions by using them as the electron
acceptor at the cathode of an electrochemical system. The metal ions accept electrons
from an electrode and deposit on the surface of the electrode in pure elemental form.
The electrical current required for the electrodeposition of metals is conventionally drawn
from the oxidation of water. However, with the assist of electroactive microorganisms,
biodegradable compounds can be used as the source of the required energy.
Electroactive microorganisms oxidize a substrate and donate electrons to an anode
electrode. The flow of electrons from anode to cathode creates electrical current, which
can be utilized in the electrodeposition of the metals. As mining waters do not usually
contain organic compounds, RISCs are promising substrates for the recovery of metals
from mining waters — they are present in the same stream and can be oxidized at lower
potential than water. In addition, with the electrochemical treatment both metals and
RISCs could be removed from the water streams simultaneously.

The aim of this work was to use tetrathionate (SiO¢*>) as the substrate for
bioelectrochemical and electrochemical current generation. The possibility to
spontaneously produce electricity from tetrathionate was first studied in microbial fuel
cells (Paper I). After successful electricity production was obtained, a tetrathionate-fed
microbial fuel cell was monitored for over 740 days to determine the long-term stability
of such systems (Paper Il). The anode potential was then externally adjusted in order to
determine the minimum anode potential required for bioelectrochemical and
electrochemical tetrathionate degradation (Paper IIl). Finally, the external voltage
required for the simultaneous removal of tetrathionate and copper was determined
(Paper V).

The experiments were conducted using two-chamber flow through reactors at room
temperature (22+5 °C) and highly acidic conditions (pH < 2.5). The initial lag-time for
electricity production from tetrathionate was relatively long in bioelectrochemical systems
(approximately 100 days), but spontaneous electricity production was proven successful
with ferric iron as the cathodic electron acceptor. By optimizing the external resistance,
the current density was successfully improved from 80 mA m2 (1000 Q) to 225 mA m?
(100 Q). In the long-term experiment, biofouling or accumulating reaction products were



not observed to limit the electricity production even after 740 days of operation. The
minimum anode potential for tetrathionate degradation was observed to be 0.3 V vs.
Ag/AgCI in the bioelectrochemical systems and 0.5 V in the abiotic electrochemical
systems. Higher tetrathionate degradation rates were obtained in the bioelectrochemical
systems (>110 mg L* d?) than in the electrochemical systems (<35 mg L d1). The
reaction products of bioelectrochemical tetrathionate degradation were sulfate and
elemental sulfur, while in electrochemical systems only sulfate was detected. For the
efficient removal of tetrathionate and copper, applied voltage of above 1.0 V was required.
The concentrations of tetrathionate and copper were successfully decreased below the
limits set for toxicity (0.5 g S406* L) and mining effluent discharge (0.3 mg Cu?* L1).

This study demonstrates for the first time that tetrathionate can be used the substrate for
bioelectrochemical current generation. In bioelectrochemical systems with an efficient
catholyte, tetrathionate is degraded and electricity is produced spontaneously, but abiotic
electrochemical degradation requires external energy. Both bioelectrochemical and
electrochemical systems provided higher current densities than a water-oxidizing control
reactor when controlling the anode potential or applying external voltage. The
simultaneous removal of tetrathionate and copper shows that bioelectrochemical and
electrochemical systems are promising alternatives for the treatment of mining waters.



Tiivistelma

Sulfidimineraalien louhinnan ja prosessoinnin aikana mineraalien sisaltama rikki paéasee
usein kosketuksiin veden ja hapen kanssa, mika johtaa rikkiyhdisteiden hapettumiseen.
Hapettumisen tuotteena muodostuu rikkihappoa, joten sulfidimineraalialueilta peréisin
olevat kaivosten prosessi- ja jatevedet ovat yleensa hyvin happamia. Rikkiyhdisteita
hapettavat mikro-organismit kiihdyttavat rikkiyhdisteiden hapettumista ja siten myds
vesien happamoitumista sekd happikatoa. Metallien liukoisuus paranee usein pH:n
laskiessa, joten happamat vedet liuottavat virratessaan lisda metalleja mineraaleista.
Muodostuneet happamat kaivosvalumat ovat sen vuoksi ymparistolle vaarallisia seka
niiden happamuuden ettéa korkeiden metallipitoisuuksien vuoksi.

Tiettyjd metalleja, esimerkiksi kuparia ja sinkkid, voidaan poistaa liuoksista
elektrokemiallisten kennojen avulla. Metalli-ionit toimivat elektronien vastaanottajana
elektrokemiallisen kennon katodilla ja pelkistyvat elementaarisessa muodossa
katodielektrodin pinnalle. Séhkdenergia metallien elektrokemialliseen talteenottoon
tuotetaan usein hapettamalla vettd elektrokemiallisen kennon anodielektrodilla. Veden
hapetus tapahtuu korkeammassa potentiaalissa kuin useimpien metallien pelkistyminen,
joten esimerkiksi kuparin talteenotto vettd hapettavassa kennossa vaatii ulkoista
energiaa.

Bioelektrokemiallisten kennojen avulla metallien talteenotossa kaytettava sdhkdenergia
voidaan kokonaan tai osittain tuottaa biohajoavista jateyhdisteista. Mikro-organismit
hapettavat biohajoavia yhdisteitd ja luovuttavat hapettumisreaktiossa vapautuneet
elektronit anodielektrodille. Elektronit siirtyvat ulkoisen virtapiirin kautta katodielektrodille,
jonka pinnalla metallien pelkistyminen tapahtuu. Kaivosteollisuuden jatevedet eivat
yleensa sisalla orgaanisia yhdisteitd, mutta sulfidimineraalien prosessointi vapauttaa
kaivosvesiin pelkistyneitd epaorgaanisia rikkiyhdisteitd. Jos néitd epdaorgaanisia
rikkiyhdisteita voitaisiin kayttaa elektronien lahteena (bio)elektrokemiallisissa kennoissa,
rikkiyhdisteisiin sitoutunut kemiallinen energia voitaisiin muuntaa sahkéenergiaksi ja
hyddyntéa esimerkiksi metallien talteenotossa. Nain myds epaorgaaniset rikkiyhdisteet
ja metallit voitaisiin poistaa kaivosvesistd samanaikaisesti.

Taman tutkimuksen tavoitteena oli hyddyntda tetrationaattia (S4Os?) sahkovirran
tuottamisen |&htGaineena bioelektrokemiallisissa ja elektrokemiallisissa kennoissa.
Tetrationaatin bioelektrokemiallista hapettumista tutkittiin ensin mikrobipolttokennoissa
(Julkaisu 1). Virrantiheyttd parannettiin onnistuneesti optimoimalla kaytetty ulkoinen
resistanssi  (Julkaisu Il). Pitkdaikaisen operoinnin  vaikutusta  seurattiin
mikrobipolttokennossa, joka oli kaynnissa yli 740 paivaa (Julkaisu Il). Anodipotentiaalin



vaikutusta sahkdntuotantoon ja tetrationaatin hajoamiseen tutkittiin
bioelektrokemiallisissa ja elektrokemiallisissa kennoissa (Julkaisu 1ll). Lopuksi tutkittiin
mahdollisuutta yhdistéda tetrationaatin (bio)elektrokemiallinen hajoaminen kuparin
pelkistamiseen katodilla ulkoisen jannitteen avulla (Julkaisu V).

Tutkimuksessa kaytettiin  kaksi-kammioisia |apivirtausreaktoreita, joita operoitiin
huoneenlammdssa (2215 °C) erittdin happamissa olosuhteissa (pH < 2.5).
Tetrationaatista  tuotettin  onnistuneesti  séhkovirtaa kayttamalla ferrirautaa
elektroniakseptorina bioelektrokemiallisessa kennossa. Kun ulkoinen resistanssi
laskettiin 1000 Q:sta 100 Q:iin, maksimivirrantiheys nousi 80 mA m-2:sta 225 mA m-:iin.
Reaktiotuotteiden (H*, SO4%, S° ja biomassan muodostumisen ei havaittu rajoittavan
sahkontuotantoa edes yli kahden vuoden operoinnin jalkeen. Sahkévirtaa tuotettiin
bioelektrokemiallisissa kennoissa anodipotentiaalin ollessa 0.3 V vs. Ag/AgCI tai
enemman ja elektrokemiallisissa kennoissa anodipotentiaalin ollessa 0.5 V vs. Ag/AgCI
tai enemman. Tetrationaatti hajosi tehokkaammin bioelektrokemiallisessa kennoissa
(>110 mg L?* d?') kuin elektrokemiallisissa kennoissa (<35 mg Lt d7?).
Bioelektrokemiallisissa kennoissa tetrationaatin hajoamistuotteina muodostui sulfaattia
ja elementaarista rikkid, kun taas elektrokemiallisessa kennoissa havaittiin
reaktiotuotteena ainoastaan sulfaattia. Yhdistettdessa tetrationaattia hajottava anodi
kuparia pelkistavaan katodiin tetrationaatti ja kupari saatiin tehokkaasti poistettua, kun
kennoon syotettiin yli 1.0 V ulkoista jannitettd. Tetrationaattipitoisuus saatiin laskettua
alle toksisuusrajan (0.5 g S40¢> L1) ja kuparipitoisuus alle yleisen kaivoseffluenteille
asetetun raja-arvon (0.3 mg Cu?* L1).

Tassa tutkimuksessa naytetddn toteen ensimmaista kertaa, ettd tetrationaattia voidaan
kayttaa sadhkontuotannon l&htbaineena bioelektrokemiallisissa kennoissa. Séhkdvirtaa
voidaan tuottaa bioelektrokemiallisissa kennoissa spontaanisti kayttamalla ferrirautaa
elektronien vastaanottajana katodilla, kun taas abioottinen tetrationaatin
elektrokemiallinen hapetus vaatii ulkoista energiaa. Selvasti suurempi virrantiheys
saavutettin  kuitenkin  tetrationaattia  hajottavissa  bioelektrokemiallisissa ja
elektrokemiallisissa kennoissa kuin vettd hapettavissa kontrollikennoissa. Tetrationaatin
ja kuparin yhtéaaikainen poisto osoittaa, ettd (bio)elektrokemialliset kennot ovat lupaava
vaihtoehto kaivosvesien kasittelyyn.
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1 Introduction

Mining has had an important effect on the development of human society, but it has also
been the cause of not only intergovernmental conflicts over the territorial control and
distribution of profits but also several environmental hazards (Bebbington et al. 2008).
Nowadays, the mining operations and water discharges are strictly controlled by
legislation in several countries (Williams 2012). However, some old mines still cause
major environmental problems due to the poor practices and improper treatment of
wastes at the time, when the real significance of the impacts of mining was not fully
understood (Johnson 2013).

Despite the increasing control, environmental hazards related to mining have occurred
also during the last decade. For example, in 2012 in Talvivaara mine in Finland, gypsum
waste pond waters were leaking to the environment increasing the metal and sulfate
concentrations in the nearby rivers and lakes (OTK 2014). In 2015, over 10 million liters
of acidic mining water was accidentally released from Gold King Mine in Silverton,
Colorado, United States (Gobla et al. 2015). The metal-rich mining water contaminated
the near-by water environments (Gobla et al. 2015). The environmental accidents and
increasing awareness of the environmental effects of mining have led to increasing
attention and social pressure on mining industry (Johnson 2013) and to increasing
search for efficient treatment methods for mining waters.

Especially, the extraction of metals from sulfide minerals possess a significant
environmental risk. The processing of sulfide-containing ores often releases not only
metals but also reduced sulfur compounds and sulfur oxyanions to the mining waters
(Dopson & Johnson 2012, Schippers & Sand 1999). In the presence of oxygen, sulfur
compounds are oxidized to sulfate via reactions that produce high amount of acidity. The
formation of sulfate-rich acidic water is known as acid mine drainage (AMD) (Dold 2014,
Kalin et al. 2006). AMD can form abiotically, but the presence of sulfur-oxidizing
microorganisms increases the reaction rates significantly. The acidic water leaches
metals from minerals, and the metal concentrations in AMD are thus also often high



(Bejan & Bunce 2015). Reduced inorganic sulfur compounds (RISCs), such as
thiosulfate (S,03%) and tetrathionate (S1sO¢%) can be formed as intermediates in the
sulfide oxidation reactions. Aerobic oxidation of sulfide and RISCs consumes oxygen
from the water environments (Dinardo & Salley 1998). To decrease the risk of oxygen
depletion and uncontrolled acidification of environmental waters, RISCs should be
removed from mining waters prior to their release to the environment.

Due to the population growth and industrialization, the consumption of the mineral
resources will further increase. Therefore, also mining waters are becoming
remunerative resources for metals. Metals can be recovered from water streams even
with relatively low metal concentrations, for example, with bioelectrochemical systems
(BES) (Nancharaiah et al. 2015). In BES, a microbial catalyst oxidizes a substrate
compound on the anode and donates electrons released in the oxidation reaction to a
solid anode electrode. The electrons flow from the anode electrode to a cathode
electrode through an electric circuit. On the cathode electrode, a terminal electron
acceptor accepts the electrons and becomes reduced. Microbial fuel cells (MFCs) are
BESs that produce electrical energy spontaneously. In microbial electrolysis cells
(MECs), external energy is applied to realize the oxidation and reduction reactions.

By using certain metal ions, such as Cu?*, Zn?* and Pb?*, as the electron acceptor at the
cathode, metals can be electrodeposited on the cathode electrode surface in pure
elemental form (Modin et al. 2012, ter Heijne et al. 2010). Besides metal recovery, BESs
can be used to produce electricity from waste streams. Municipal wastewater as well as
several industrial wastewater streams, such as food processing and brewery
wastewaters, contain significant amounts of organic compounds, which need to be
removed before release to the environment (Pandey et al. 2016). Conventional methods
for their removal, such as biological activated sludge treatment, are usually energy
intensive (Oller et al. 2011). With BESs, the biodegradable compounds can be removed
with little or no external energy (Rozendal et al. 2008). Mining waters do not contain
organic compounds, but may contain RISCs due to sulfide mineral processing. By using
RISCs as the anodic electron donor for metal recovery, the electron donor and the
electron acceptor would be found from the same site and both RISCs and metals could
be simultaneously removed from the water streams.



The aim and novelty of the study

The aim of this study was to delineate the potential of using an inorganic sulfur compound,
tetrathionate, as a substrate for bioelectrochemical and electrochemical electricity
generation. Current generation was first studied in MFCs and then in MECs and in abiotic
electrochemical cells (ECs). This is the first study utilizing tetrathionate as the substrate
for bioelectrochemical electricity production. In addition, the long-term operation of BESs
in highly acidic conditions with RISCs as the substrate was studied for the first time.
Furthermore, no previous studies have addressed the influence of the anode potential
or cell voltage in (bio)electrochemical electrolysis cells fed with tetrathionate or the
simultaneous (bio)electrochemical removal of RISCs and metals.






2 Mining waters

Earth’s crust contains several metals and minerals, which are mined and extracted for
numerous industrial applications. Due to the industrialization, increasing human
population, urbanization and improving global standard of living, the demand for metals
and minerals is still increasing (Rogich & Matos 2008). For example, during the 215t
century the yearly production of copper has increased from 12.9 million tons (2000) to
19.4 million tons (2016) (Babbit & Groat 2001, Jewell & Kimball 2017). As the resources
are finite and accessible reserves are depleting, complex polymetallic ores and even
streams with relatively low metal concentrations, e.g. low concentration ores, mining
waste streams and urban wastes, are becoming economically viable resources. The
more efficient recovery and utilization of waste streams as a source of metals and
minerals are steps towards circular economy.

Two common methods used for the extraction of metals from ores are pyrometallurgy
and hydrometallurgy. In pyrometallurgy, the desired metals are separated from the ores
using heat (Reddy 2001), while in hydrometallurgy the metals are leached with a liquid
extraction medium (Gupta 2003). Hydrometallurgical processes require significant water
input. Water is used in mining operations also, for example, for milling, dust suppression
and ore concentration (Lottermoser 2010). Mining waters include also the natural waters
(i.e. surface waters, ground water and rainwaters) of the mining sites (Lottermoser 2010).
Besides chemical leaching agents (e.g. H.SO4, HCI, NH; and Fe®*), the metals can be
leached utilizing biological oxidation and reduction reactions (Johnson & du Plessis 2015,
Rohwerder et al. 2003).

2.1 Composition of mining waters

The characteristics of mining waters are mainly defined by the mineral depositions
processed, but the location of the mine, the operational methods and chemicals used
and the climate also affect the composition of mining waters (Johnson & Hallberg 2003,
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Lottermoser 2010). Due to seasonal changes, for example, at the production rate and
temperature, the characteristics of the mining waters can also vary periodically (Edwards
et al. 1999).

Even though the composition may vary at different mining sites, common typical features
of mining waters at sites containing sulfide minerals are high acidity, high metal
concentrations and high chloride (CI) and sulfate (SO4?) concentrations (Lottermoser
2010). The processing of sulfide minerals often releases inorganic sulfur compounds to
the mining waters (Liljeqvist et al. 2011). As the processed ores or the chemicals used
in the mining operations do not usually contain organic carbon, the concentrations of
organic compounds in mining waters often remain negligible (Johnson & Hallberg 2003).

2.1.1 Metals

Leaching is used to extract metals in hydrometallurgical operations, but it can occur also
spontaneously in sites where the minerals get in touch with water and suitable leaching
agents. The lithopshere consists of a mixture of various minerals and thus the leaching
operations often dissolve not only the metal of interest but also simultaneously various
other metals, leading to the formation of metal-rich mine waters. In acidic mining waters,
metals are usually present as metal ions or as sulfate complexes (Lottermoser 2010).

Iron is the fourth most common element on Earth’s crust (Greenwood & Earnshaw 2012),
and the processing of iron-bearing minerals releases iron to the mining waters. In acidic
water streams, iron is usually present as ferrous iron (Fe?*) or ferric iron (Fe3*) ions
(Lottermoser 2010). In aerobic conditions, ferrous iron can be biotically or abiotically
oxidized to ferric iron (Johnson & Hallberg 2005). Ferric iron is a strong oxidizer and it is
often the primary oxidizer of sulfide minerals (e.g. pyrite). The iron concentrations in
mining waters have been reported to increase up to several grams per liter (Table 2.1).
The typical reddish color of acidic mine waters is usually caused by the dissolved ferric
iron (Johnson & Hallberg 2003). Other metals often present in mining waters at varying
concentrations depending on the mineral composition of the mining sites are Cu, Zn, Al
and Mg (Johnson & Hallberg 2003, Lottermoser 2010, Zou 2015).
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2.1.2 Sulfur compounds

Sulfur-containing sulfide minerals are widespread in the Earth’s crust (Figure 2.1), and
several important metals are mined from such ores. The most common sulfide mineral
is pyrite, FeS; (Dopson & Johnson 2012). Even if the mineral of interest would not contain
sulfide, the surrounding deposits often do. For example, the sulfur content in coal
deposits may be up to 20% by weight (Dopson & Johnson 2012). Therefore, also the
solid waste materials from mining operations can contain significant amount of sulfide
(Dopson & Johnson 2012).

Sulfur dioxide

Sy Hydrogen sulfide ‘

| Dimethyl sulfide |
-

Sulfate reduction

Decaying matter

Sulfides

Sulfur in fossil
fuels

Figure 2.1: The environmental sulfur cycle. The gray arrows indicate chemical reactions,
green arrows microbial reactions and red arrows anthropogenic action. Modified from Muyzer
& Stams (2008).

The fragmentation of the sulfide containing ores exposes the sulfide minerals to
atmospheric conditions. When exposed to oxygen and water, sulfides in the minerals will
be oxidized to RISCs and then further to sulfate via acid releasing reactions. The pH of
the environment decreases, if the rate of acid production is higher than the buffering
capacity of the basic minerals present (Rawlings & Johnson 2002).

The reaction products of biological oxidation of metal sulfide minerals in acidic conditions
depend on whether the mineral is acid soluble or acid insoluble (Dopson & Johnson
2012). Acid-insoluble sulfides are degraded via the thiosulfate mechanism (Schippers &
Sand 1999). Fe®* oxidizes the sulfide minerals, for example, pyrite FeS; to Fe?*,
thiosulfate (S203%) and protons (Equation 1, Figure 2.2). Fe?* can be oxidized again to
Fe3* in the presence of oxygen (Equation 2). However, the abiotic oxidation of Fe?* is



negligible at pH below 4 (Stumm & Morgan 1995). Thiosulfate is further oxidized to
tetrathionate (S4O0¢%), which hydrolyses to sulfate and sulfane-monosulfonic acid
(HS303), which is highly reactive. The degradation of HS;O3 can lead formation of
several different kind of sulfur compounds.

FeS, + 6 Fe** + 3H,0 —» 7 Fe®" +S,05 +6 H" @)

4Fe* +0,+4H - 4Fe* +2H,0 )

The acid-soluble sulfide minerals (e.g. chalcosite, Cu;S) can be solubilized by protons
and Fe®*. The released sulfide is oxidized first to polysulfides (Sh?) and then further to
elemental sulfur. (Schippers & Sand 1999)

Fe3+

+ HS;05,,
[t | [, | o |

Fe3, H,0" / \ \Fea+
0
Acid-soluble / Acid-insoluble

sulfide minerals sulfide minerals
l Polythionates

/ mm=)  Chemical reaction

mmm)  Sulfur-oxidizing microorganisms

——>  Sulfur-reducing microorganisms

x\

Figure 2.2: Sulfur compounds involved in the bacterial leaching of metal sulfide minerals.
Modified from Dopson & Johnson (2012).

Even though sulfide and Fe?* can be oxidized abiotically, the reaction rates are often
significantly higher in the presence of biological catalysts (Rawlings & Johnson 2002).
Iron-oxidizing microorganisms oxidize Fe?* to Fe3* with high efficiency even in highly
acidic conditions and sulfur-oxidizing microorganisms can oxidize the formed RISCs to
sulfuric acid (Equation 3) (Rawlings & Johnson 2002). The formation of AMD occurs thus
much faster in the presence of iron- and sulfur-oxidizing microorganisms.

S,05 +2 0, + Hy0 > 2 H" +2 S0% €))

Microorganisms can also oxidize the elemental sulfur formed in the polysulfide pathway
and the polythionates formed in the thiosulfate pathway to sulfate. In fact, the most
common sulfur compound in mining waters is the most oxidized species, sulfate (S04%),
and its concentration can increase up to tens or even hundreds of grams per liter (Lopez-
Archilla et al. 2001, Nordstrom et al. 2000).



Thiosulfate is not stable in acidic conditions, as it decomposes to elemental sulfur and
sulfite (SOs%), which is then dehydrated to sulfur dioxide (SO.) (Agarwala et al. 1965).
Tetrathionate is abiotically oxidized in the presence of oxygen and ferric iron, but the
oxidation rate was reported to remain low (below 0.002 g L' d?) at 25 °C and pH 1.5
(Druschel et al. 2003). The variety of different possible reaction products and the abiotic
oxidation reactions complicate the analysis and determination of the reaction pathways
of RISCs (Quatrini et al. 2009).

2.2 Microbiota

Even though the mining waters are often highly acidic (pH < 3), certain microorganisms
thrive in such conditions. Microorganisms favoring low pH are acidophiles. Moderate
acidophiles grow at pH range from 3 to 5, while extreme acidophiles prefer pH 3 or lower
(Baker-Austin & Dopson 2007). Some acidophilic species have been reported to grow
even at pH 0 (Dopson et al. 2004, Schleper et al. 1995).

Even though the acidophiles prefer environments with high proton concentrations, their
intracellular pH remains circumneutral (Baker-Austin & Dopson 2007). The cell structure
has evolved to tolerate high pH gradients across the cytoplasmic membrane. The cell
membrane is highly impermeable to protons (Konings et al. 2002) and the cells have
efficient systems for pumping the excess protons out from the cytoplasm (Baker-Austin
& Dopson 2007). The acidophilic microorganisms can actually utilize the high pH gradient
over the membrane as a source of energy. As positive charge is accumulating outside
and negative charge inside the cell membrane, the pH gradient and the charge difference
over the membrane cause a proton motive force (PMF). The transfer of positive ions (e.g.
H* or Na*) from outside the cell inside thus releases a significant amount energy, which
the cell can utilize for ATP synthesis (Ferguson & Ingledew 2008).

The microbial diversity of the mining waters depends, for example, on the mineral
composition, climate and available substrates and electron acceptors (e.g. oxygen, Fe3*,
S04%). Besides high acidity, high metal concentrations can limit the growth of
microorganisms, even though microorganisms in mining environments usually have a
high tolerance to metals (Piotrowska-Seget et al. 2005, Schmidt et al. 2009, Tuovinen et
al. 1971). In moderately acidic mine waters, the microbial composition is often diverse,
but in extremely acidic conditions the microbial communities have been observed to be
relatively similar in different locations, common genera being Acidithiobacillus,
Acidiphilum and Leptospirillum (Johnson & Hallberg 2003).

Due to the lack of organic compounds, the microbial communities in mining waters are
usually dominated by lithotrophic microorganisms, which utilize inorganic compounds,
mostly ferrous iron or inorganic sulfur compounds, as the substrate for growth. These
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iron-oxidizing and sulfur-oxidizing microorganisms do not only inhabit the mining waters,
but they also play a significant role in the formation of acidic AMD. Therefore, one way
to slow down the formation of AMD water is the adjustment of the conditions (e.g. pH,
the availability of substrates and electron acceptors) in a way that they do not favor the
growth of iron- and sulfur-oxidizing microorganisms (Akcil & Koldas 2006).

2.2.1 Sulfur-oxidizing microorganisms

Some microorganisms gain energy for growth by oxidizing RISCs, such as sulfide (S%),
elemental sulfur (S°), thiosulfate (S203%) and/or polythionates (S,Os?). The group of
bacteria and archaea involved in sulfur transformations in acidic conditions is
phylogenetically diverse (Dopson & Johnson 2012). In bacterial metabolism, RISCs are
usually oxidized to sulfite, which then further oxidizes to sulfate. In archaea, the RISC
degradation occurs via disproportionation to sulfide and sulfite (Rohwerder & Sand 2007).
As both of the degradation reactions produce acidity, sulfur-oxidizing microorganisms
are usually acid-tolerant or acidophilic (Johnson & Hallberg 2003). Even though RISCs
can be also abiotically oxidized, sulfur-oxidizing microorganisms can accelerate the
formation of AMD significantly due to high reaction rates.

Many sulfur-oxidizing acidophiles are obligate aerobes and can thus utilize only oxygen
as the electron acceptor (Dopson & Johnson 2012). In recipient waters, the aerobic
microbial growth can lower the oxygen concentration of the water below the level
supporting the growth of aquatic organisms. Besides oxygen, some species (e.g.
Acidithiobacillus ferrooxidans (Das et al. 1992, Pronk et al. 1992) and Acidithiobacillus
ferrivorans (Hallberg et al. 2010)) can use ferric iron as an alternative electron acceptor
and grow in anoxic environments. Many chemolithotropic sulfur-oxidizing bacteria are
able to use also ferrous iron and/or hydrogen as alternative electron donors (Dopson &
Johnson 2012). In fact, the presence of Fe?* has been observed to downregulate the
expression of RISC oxidation genes in At. ferrooxidans (Amouric et al. 2009).

Aerobic degradation of reduced inorganic sulfur compounds

Oxygen is easily available and thus often used as the electron acceptor in the biological
degradation of reduced inorganic sulfur compounds. In aerobic conditions, several
acidophilic microorganisms (Hallberg et al. 1996, Isamu et al. 1993, Meulenberg et al.
1993, Pronk et al. 1990) oxidize thiosulfate first to tetrathionate (Figure 2.3). Hydrolysis
of tetrathionate leads to the formation of thiosulfate, elemental sulfur and sulfate.
Elemental sulfur is further oxidized to sulfite and finally to sulfate (Johnson & Hallberg
2008).
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Oxidation stage of sulfur
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Figure 2.3: Aerobic oxidation of inorganic sulfur compounds by acidophilic
microorganisms. Modified from Johnson & Hallberg (2008).

The metabolic routes for RISC oxidation have been studied in several acidophilic
microorganisms (Kletzin 2008, Mangold et al. 2011, Quatrini et al. 2009, Veith et al.
2011). Quatrini et al. (2009) proposed that in aerobic oxidation of elemental sulfur,
disulfide intermediates are oxidized in At. ferrooxidans by heterodisulfide reductase
(HDR) (Figure 2.4). Tetrathionate is decomposed to thiosulfate by tetrathionate
hydrolase (TetH), thiosulfate is oxidized to tetrathionate by thiosulfate quinone reductase
(TQR) and sulfide is oxidized by sulfide quinone reductase (SQR). Electrons released in
the oxidation reactions are donated to the quinone pool, from which they are transferred
to NADH complex | for energy production or to terminal oxidases (Quatrini et al. 2009).
In acidophilic archaea Acidianus ambivalens, the oxidation of sulfur compounds is
proposed to proceed via sulfur oxygenase reductase (SOR), which catalyzes the
disproportionation of sulfur to sulfite, thiosulfate and hydrogen sulfide (Figure 2.5). The
formed sulfur compounds are further transformed to sulfate and elemental sulfur by TQR,
TetH and SQR. (Kletzin 2008)

Anaerobic degradation of reduced inorganic sulfur compounds

Some microorganisms degrade RISCs also in anaerobic conditions. Acidic mining
waters often contain ferric iron, which is an efficient electron acceptor due to its high
reduction potential (0.77 V vs. normal hydrogen electrode (NHE) in standard conditions).
The metabolic routes for the anaerobic oxidation of RISCs are complex, and further
research is required to complete the models of metabolic routes (Kucera et al. 2016).

Similarly to aerobic metabolism, disulfide intermediates are proposed to be oxidized in
At. ferrooxidans in anaerobic conditions by HDR (Figure 2.6). TetH and TQO catalyze
the oxidation of tetrathionate and thiosulfate. From quinone pool, most of the electrons
are passed to the outer membrane Fe3* reductases by cytochrome complexes Petl and
Petll while some of the electrons are utilized for NADH synthesis. The reduction of ferric
iron on the outer membrane of the cell is proposed to occur e.g. via c4-type cytochrome
Cyc2. (Kucera et al. 2016)
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Figure 2.4: Aerobic RISC oxidation in Acidithiobacillus ferrooxidans. Enzymes, enzyme
complexes and electron carriers predicted to be involved in the oxidation of RISCs include
tetrathionate hydrolase (Tth), thiosulfate quinone reductase (TQR), sulfide quinone
reductase (SQR), heterodisulfide reductase (Hdr), sulfur transferases (DsrE, TusA and Rhd),
ATP sulfurylase (SAT), quinol pool (QH2), NADH complex 1 (NDH-1), terminal oxidases (bd
and bos), bcl complex, high potential iron-sulfur protein (HiPIP), cytochrome ¢ (CycA2) and
aas oxidase. GSSH: sulfane sulfate, GSH: glutathione, APS: adenosine 5’-phosphosulfate,
ATP: adenosine triphosphate, AMP: adenosine monophosphate, NAD: Nicotinamide
adenine dinucleotide. Modified from Quatrini et al. (2009).
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Figure 2.5: Aerobic RISC oxidation in Acidianus ambivalens. Enzymes, enzyme complexes
and electron carriers predicted to be involved in the oxidation of RISCs include sulfite
acceptor oxidoreductase (SAOR), caldariella quinones (CQ), sulfide quinone oxidoreductase
(SQR), sulfur oxygenase reductase (SOR), thiosulfate quinone oxidoreductase (TQO),
tetrathionate hydrolase (TTH), adenosine 5'-phosphosulfate reductase (APSR), adenosine
5’-phosphosulfate phosphate adenylyltransferase (APAT) and adenylate kinase (AK). APS:
adenosine 5’-phosphosulfate, ATP: adenosine triphosphate, ADP: adenosine diphosphate,
AMP: adenosine monophosphate. Modified from Kletzin (2008).
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Figure 2.6: Anaerobic oxidation of inorganic sulfur compounds in Acidithiobacillus
ferrooxidans. Enzymes, enzyme complexes and electron carriers predicted to be involved in
the oxidation of RISCs include tetrathionate hydrolase (Tth), thiosulfate quinone
oxidoreductase (Tqo), heterodisulfide reductase (Hdr), sulfur transferases (DsrE and TusA),
quinone pool (Q/QHz), cytochrome bci complex I, cytochrome bci complex II, c4-type
cytochromes (CycAl and CycA2), high potential iron-sulfur protein (Hip), rusticyanin (Rus),
c-type cytochrome (Cyc2), NADH complex | (NDH-1), SdrAl and SdrA2 proteins, ATP
synthase Fo. GSSH: sulfane sulfate, GSH: glutathione, ATP: adenosine triphosphate, ADP:
adenosine diphosphate, NAD: Nicotinamide adenine dinucleotide. Modified from Kucera et
al. (2016).

2.2.2 lIron-oxidizing microorganisms

Due to the abundance of iron minerals, mining waters are usually rich of ferrous iron and
thus also iron-oxidizing microorganisms grow well in mining waters. Moderately acidic
water streams can contain various iron-oxidizing microorganisms, but in extremely acidic
iron-containing streams often Acidithiobacillus ferrooxidans and/or Leptospirillum spp.
are dominant (Johnson & Hallberg 2003, Schrenk et al. 1998, Walton & Johnson 1992).

Iron-oxidizing microorganisms oxidize ferrous iron (Fe?*) to ferric iron (Fe®*). Ferric iron
is a strong oxidizer, which can break the sulfur-metal bonds of sulfide minerals and
oxidize RISCs thus accelerating the leaching of metals from minerals and the formation
of AMD (Dopson & Johnson 2012). Due to the high reduction potential of iron (E° = 0.77
V vs. NHE), only oxygen (E° = 1.23 V vs. NHE) can serve as an electron acceptor for
iron-oxidizing microorganisms. Another consequence of the high reduction potential is
that the energy gains of the iron-oxidizing microorganisms, and thus the growth yields,
are low (Neubauer et al. 2002).
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Iron-reducing microorganisms can grow in anaerobic conditions by reducing ferric iron
back to ferrous iron. Therefore, iron-reducing microorganisms can provide substrate for
iron-oxidizing microorganisms while iron-oxidizing microorganisms provide electron
acceptors for iron-reducing microorganisms (Weber et al. 2006).

2.3 Environmental impacts

Mining operations have significant effects on the environment; they change the
landscape and can also, for example, decrease the biodiversity, cause erosion and
contaminate water environments and soil (Park et al. 2015, Sengupta 1993). Due to the
low pH and high metal and sulfate concentrations, AMD is a severe threat to the
environment and can cause serious damage not only at the mining site but also at distant
locations downstream from the point of discharge (Dopson & Johnson 2012). The
impacts of AMD flowing to environmental waters are significantly affected by the
buffering capacity and volume of the receiving water body (Gray 1997).The toxicity of
the AMD can lower the biodiversity due to the elimination of species, which again lowers
the ecological stability (Gray 1997). AMD is often a problem at mining sites still after the
mining activities stop, as the oxidation reactions continue in the waste rock heaps and
tailings. The formation of AMD can continue even for centuries after closing the mine
(Young 1997).

2.3.1 Reduced inorganic sulfur compounds

Reduced inorganic sulfur compounds are toxic only in relatively high concentrations and,
therefore, their release to the environment is not regulated (Dinardo & Salley 1998).
Schwartz et al. (2006) studied the toxicity of inorganic sulfur compounds and reported
that thiosulfate inhibited the growth of water flea (Ceriodaphnia dubia) in concentrations
above 60 mg L and tetrathionate in concentrations above 560 mg L. For Rainbow trout
(Oncorhynchus mykiss), Duckweed (Lemna minor) and Fathead minnow (Pimephales
promelas) only concentrations above 500 mg L of thiosulfate were observed to be
inhibitory, while tetrathionate concentrations of 800-900 mg L! were not observed to
inhibit the growth of these organisms. (Schwartz et al. 2006)

Therefore, RISCs do not usually cause environmental problems due to their toxicity, but
due to their acid generation capacity. The biotic or abiotic oxidation of inorganic sulfur
compounds to sulfuric acid decreases the pH of the water environments, causing
acidification of the environment. The formed acidic water can leach metals from minerals
and sediments, leading to increased metal concentrations in the water. The release of
RISC-containing waters can also decrease the level of dissolved oxygen and lower the
buffering capacity of the receiving water (Dinardo & Salley 1998).
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2.3.2 Metals

The solubility of metals often increases with decreasing pH. AMD is thus toxic not only
due to the acidity but also due to the high metal concentrations. Many metals are
essential trace elements in the metabolism of living organisms, but can be acutely and
chronically toxic at high concentrations (Nies 1999). To avoid environmental
contamination, strict limits have been set for the discharge of metals. For example, the
guideline limits for metal concentrations in effluents from ore mining operations set by
the United States Environmental Protection Agency are 0.3 mg L"! for copper, 0.1 mg L-
! for cadmium, 0.6 mg L for lead and 1 mg L™ for zinc (EPA 2011).

2.4 Treatment

The control and remediation of formed AMD is difficult and expensive. Therefore, the
negative environmental impacts of AMD can be best minimized by preventing its
formation (Bejan & Bunce 2015). The access of oxygen and/or water — which are both
required for the formation of AMD — to the sulfidic minerals can be prevented, for
example, with covers containing either organic compounds (Peppas et al. 2000), tailings
(Bussiere et al. 2004, Jia et al. 2013), water (Vigneault et al. 2001) or biological
organisms (Kamorina et al. 2015). Moreover, by eliminating sulfide or by limiting the
growth of the sulfur-oxidizing bacteria, the formation rate of AMD can be decreased
(Bejan & Bunce 2015).

After reaching a water stream, contaminants can spread widely in the environment.
Therefore, the contaminate-containing mining waters need to be treated before they can
be released to the surrounding ground or surface waters. The toxic compounds need to
be removed and the water should be neutralized. As the characteristics of AMD, the
volume of the water stream, climate conditions, hydrodynamic conditions, legislation and
expenses vary at different mining sites, the treatment method should be selected case-
specifically for each stream (Akcil & Koldas 2006). The treatment can be done in active
systems, where a reagent is constantly added, or in passive systems, in which the
treatment is obtained via natural reactions (Johnson & Hallberg 2005).

2.4.1 Neutralization

The rocks of the mining site can contain minerals that have a natural capacity for
neutralization (e.g. carbonates, hydroxides and silicates) (Langmuir 1997, Stumm &
Morgan 1995). However, often the neutralizing capability of the minerals is not high
enough to balance the protons formed in the sulfide oxidation reaction. To avoid the
acidification of the environment, the formed acidic mining waters need to be neutralized
before release to the natural waters.
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In active treatment, the acidic streams are neutralized by continuously adding a source
of alkalinity, e.g. lime (Bosman 1983, Khorasanipour et al. 2011), limestone (Maree et al.
2004, Miller et al. 2011), fly ash (Rios et al. 2008, Xenidis et al. 2002) or caustic soda
(Park et al. 2015, Wang et al. 2003). Recently, the use of also other industrial waste
products as low-cost alternatives for the conventional neutralizing agents have been
studied. For example, marble cutting waste (Tozsin 2016), chicken eggshells (Zhang et
al. 2017) and pervious concrete (Shabalala et al. 2017) have been used for the
neutralization and the removal of metals from acidic waters. Due to the increasing pH,
metals will precipitate as metal hydroxides. Metals can also be selectively precipitated,
as different metals precipitate at different pH ranges (Kalin et al. 2006). In addition, the
increased pH inhibits the growth of the acidophilic iron- and sulfur-oxidizing
microorganisms and thus slows down the rate of further acid formation (Akcil & Koldas
2006).

By adding chemical neutralizing agents, pH can be efficiently increased and the metals
can be efficiently removed from the water streams. However, the operation costs of
active systems are usually high (Johnson & Hallberg 2005) and the precipitates form
unstable sludge that contains a mixture of various metals (Kalin et al. 2006). This metal-
rich sludge also possess an environmental risk, if negligently disposed.

In passive systems, the acidic water streams are neutralized with the assist of alkalinity
producing biological organisms, such as sulfate reducing microorganisms (Le Pape et al.
2017, Papirio et al. 2013), methanogenic microorganisms (Certucha-Barragan et al.
2009) or denitrifying microorganisms (Koschorreck 2007, Zou et al. 2014). Passive
systems usually have low maintenance costs and produce less solid waste requiring
disposal, but are expensive to install (Johnson & Hallberg 2002). In addition, such
biological systems often require external organic carbon source, as the organic content
of mining water is usually low (Johnson & Hallberg 2003). Moreover, precipitated metals
can limit the performance of such passive systems in long-term operations due to
clogging (Kalin et al. 2006).

2.4.2 Removal of inorganic sulfur compounds

Sulfur compounds can be removed from water streams with chemical or biological
methods. In chemical treatment, RISCs are often oxidized to sulfate with oxidizing agents,
such as chlorine (Black & Goodson 1952, Kim et al. 2008), hydrogen peroxide (Kuyucak
2014, Lu et al. 2010) or ozone (Nie et al. 2012, Sievering et al. 1992). Chemical oxidation
is a fast and efficient but expensive method for RISC removal. The biological oxidation
of RISCs is cost-effective, does not require high energy input and does not produce any
toxic by-products. However, changes in the effluent feed or low temperatures can limit
the efficiency of biological processes (Dinardo & Salley 1998).
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Iglesias et al. (2016) oxidized tetrathionate in bioreactor at 31 °C and obtained oxidation
rates up to 0.780 g L* ht. Liljegvist et al. (2011) studied the removal of RISCs at low
temperature (4—6 °C) in bioreactor and obtained a thiosulfate removal rate of 0.162 g L-
Lh1, but observed residues of RISCs after treatment (Liljeqvist et al. 2011). In mesophilic
and thermophilic conditions, efficient removal (~90%) has been reported (S&af et al.
2009).

Sulfate removal

As the product of RISCs oxidation is sulfate, the sulfate concentrations in the mining
waters from sulfide mineral processing are often naturally high. In environment, sulfate
can enhance the biodegradation of organic soils, induce eutrophication and promote the
formation of toxic and bioaccumulative methylmercury (Jacobs et al. 2014, Lamers et al.
1998). In addition, sulfate reducing bacteria (SRB) can reduce sulfate to toxic sulfide
(Kaksonen & Puhakka 2007). The recommended maximum value for sulfate
concentration in drinking water is 250 mg L* (WHO 2011). Efficient methods for sulfate
removal are thus needed.

Methods for the removal of sulfate from solution include chemical precipitation with, for
example, polyaluminum chloride (Amaral Filho et al. 2016), sodium aluminate (Tolonen
et al. 2016) or barium (Kefeni et al. 2015), adsorption (lakovleva et al. 2015, Shams et
al. 2016), membrane filtration (KoSuti¢ et al. 2004, Krieg et al. 2005), electrodialysis
(Sakar et al. 2015, Zhang & Angelidaki 2015) and ion exchange (Calinescu et al. 2016,
Haghsheno et al. 2009). Besides chemical removal, sulfate reducing microorganisms
can be used to reduce sulfate to hydrogen sulfide in active and passive systems
(reviewed by Gopi Kiran et al. (2017) and Kaksonen & Puhakka (2007)). Sulfide reacts
readily with metal ions, leading to the precipitation of insoluble metal sulfides (Nevatalo
et al. 2010). Therefore, both metals and sulfate can be simultaneously removed from the
water streams. In addition, the sulfate reducing microorganisms produce bicarbonate,
which helps to neutralize the acidic waters (Kaksonen & Puhakka 2007). Most sulfate
reducing microorganisms grow only in neutral conditions (Barton & Fauque 2009).
However, sulfate reducing prokaryotes have been isolated also from extremely acidic
mine waters (Rowe et al. 2007) and have been identified in low pH (Nancucheo &
Johnson 2012). Recently, also BESs have been used for sulfate removal (Teng et al.
2016, Zhao et al. 2008).

2.4.3 Removal of metals

Metals can be toxic to organisms even at relatively low concentrations. Therefore, the
metal concentrations in the discharged waters are strictly controlled in several countries
(EPA 2011, Ontario 2007). By adding neutralizing chemicals (e.g. CaO or CaCOs),
metals can be precipitated as metal hydroxides and metal carbonates (Chen et al. 2009,
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Ghosh et al. 2011). Different metal compounds precipitate at different pH values and,
therefore, metals can be selectively recovered by controlling the pH (Sanchez-Andrea et
al. 2016). Metals can also be precipitated as metal sulfides (Huisman et al. 2006). Sulfide
can be generated from sulfate by sulfate reducing microorganisms (Machemer &
Wildeman 1992, Nevatalo et al. 2010). Some microorganisms can reduce also metal
ions (e.g. iron, uranium and chromium) directly to insoluble or less toxic forms (Barton et
al. 2015, Lovley et al. 1993b, Wang & Shen 1995). Other metal removal methods are
reviewed, for example, in Fu & Wang (2011) and include ion exchange (Abo-Farha et al.
2009, Doula 2009), adsorption (Aman et al. 2008, Jain et al. 2015, Li et al. 2010, Reyes
et al. 2009), membrane filtration (Barakat & Schmidt 2010, Dialynas & Diamadopoulos
2009, Landaburu-Aguirre et al. 2010), coagulation (Chang & Wang 2007, El Samrani et
al. 2008), flotation (Polat & Erdogan 2007, Yuan et al. 2008) and electrochemical
treatment (Bennion & Newman 1972, ter Heijne et al. 2010, Olmez 2009).
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3 Electrochemical systems

Even though the estimations on the availability of fossil fuels vary, cleaner energy
production methods are essential for reducing the greenhouse gas emissions and for
responding to the increasing energy demand (H66k & Tang 2013, Shafiee & Topal 2009).
Electrochemical systems enable the production of electrical energy with high efficiency
from chemical compounds, such as hydrogen or methane, while the emissions of
pollutants remain low. Therefore, electrochemical systems are often seen as feasible
and efficient systems especially for portable energy production and transport
applications (Newman & Thomas-Alyea 2004).

With electrochemical systems, chemical energy can be converted directly to electrical
energy — or vice versa — via oxidation and reduction reactions. Unlike in chemical
reaction, in electrochemical reactions the oxidation and reduction reactions are separate
and occur at different electrodes, enabling the generation of electrical current. This
chapter focuses on fuel cells, which are electricity producing electrochemical systems
that are continuously fed. Electrochemical systems that require external energy to run
the oxidation and reduction reactions are called electrolytic cells.

3.1 Operational principle

Fuel cells consist of two electrodes, which are separated with an electrolyte and
connected via an external circuit (Newman & Thomas-Alyea 2004). A substrate is
electrochemically oxidized on the surface of an anode electrode (Figure 3.1). The
electrons released in the oxidation reaction are transferred to the anode electrode, from
which they flow through an electric circuit to the cathode electrode. On the surface of the
cathode electrode, an electron acceptor receives the electrons from the electrode and
becomes reduced. To maintain the charge balance, ions (e.g. H*, OH") flow from one
electrode to the other through the electrolyte. The continuous feeding of the substrate
and electron acceptors leads to constant flow of electrons from anode to cathode.
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Figure 3.1: Schematic illustration of an electrochemical system. Substrate (S) is oxidized on
the anode and electrons released in the oxidation reaction transfer through an electric circuit
to the cathode electrode. At the cathode, an electron acceptor (A) accepts the electrons and
reduces. lons transfer through the electrolyte to maintain the charge balance. The electricity
generation may be spontaneous when operated with an external load (R) or an external
energy source may be required to realize the oxidation and reduction reactions.

The most commonly used anodic electron donor is hydrogen while oxygen from air is
used as the cathodic electron acceptor. Alternatively, methane, methanol or
hydrocarbons can be oxidized on the anode, but the oxidation reactions require high
temperature (Park et al. 2000). The difference in the potentials of the anode and cathode
electrodes, determined by the reduction potentials of the anodic electron donor and
cathodic electron acceptor (see Chapter 3.2), define whether the system is
spontaneously producing electrical energy (fuel cell) or whether external energy is
required to run the oxidation and reduction reactions (electrolytic cell). In electrolytic cells,
the rate of the electrochemical reactions can be controlled with an external power source,
for example by applying external current or voltage. (Newman & Thomas-Alyea 2004)

Electrochemical systems enable efficient conversion between chemical and electrical
energy. The systems do not produce environmentally harmful emissions and are silent
and safe to use. In addition, high energy densities can be obtained. However,
electrochemical systems can be expensive to manufacture and complex to operate. The
system components are also vulnerable to impurities. Therefore, their durability has
remained relatively low. (Winter & Brodd 2004)
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The materials for the system components should be selected based on the application.
The materials should not only enable the electrochemical reactions but also have high
stability in the used operation conditions. Electrochemical systems are often classified
based on the used electrolyte. To ensure efficient performance, the electrolyte should
have high conductivity for ions and be electrically resistive, durable and chemically stable
(Haile 2003). For example, polymers (Borup et al. 2007, Mehta & Cooper 2003), alkalis
(McLean et al. 2002, Yu et al. 2012), acids (Stonehart 1992, Yu & Pickup 2008), molten
carbonate (Antolini 2011, Kulkarni & Giddey 2012) and solid oxides (Minh 2004, Ormerod
2003) have been used as the electrolyte materials. Electrodes should be electrically and
ionically conductive, electrochemically active and catalyze efficiently the electrochemical
reactions (Haile 2003). Due to the high requirements, usually composite electrodes with
precious metal (e.g. platinum) as a catalyst are used (Haile 2003).

3.2 Thermodynamics and kinetics

The quantity of electrical energy that can be obtained from or is required to operate an
electrochemical system is defined by the anodic and cathodic reactants and the
operation conditions (for review, see Zawodzinski et al. (2006) and Garrido (2004)). The
maximum theoretical value for the cell voltage is determined by the thermodynamical
properties, but the measured voltage remains lower than the theoretical voltage due to
losses in the system.

3.2.1 Thermodynamics

The amount of energy available (Gibbs free energy, AG) for an electrochemical
transformation can be calculated from the number of electrons (n) transferred (per mole
of reactants) and the voltage of the cell (E) as

AG = —nFE (4)

where F is the Faraday constant (96 485 sA mol?). The cell voltage in standard
conditions (AE®) can be calculated from the Gibbs free energy in standard conditions
(AG®) (Equation 5).

AG® (5)

AE° = —
nF

The free energy for chemical reactions identified by the van’t Hoff isotherm is

o Ap
AG = AG° +RT In (A_R) (6)
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where R is the universal gas constant (8.31447 J mol! K1), T is temperature (K), Ap is
the activity product of the products and Ar the activity product of the reactants.
Combination of Equations 5 and 6 gives the cell voltage in specific conditions:

RT A
E=E°- — In(—= (7)
Ar

nF

This equation, which is known as the Nernst equation, can be used to calculate also the
reduction potential of the half-cell reactions separately. The theoretical voltage of the cell
can then be calculated as the difference between the potentials of the cathodic and
anodic reactions.

Ecell = Ecat — Ean (8)

3.2.2 Losses

In an ideal system, the measured cell voltage would equal the theoretical cell voltage,
but in practice, the voltage never reaches the theoretical value, as energy is lost in the
electrochemical reactions and in the electron and ion transfer. The main losses of
electrochemical systems can be divided into activation losses, ohmic losses and mass
transport losses. Even though the electrochemical reactions would be
thermodynamically favorable, the reaction might require additional energy to activate.
The activation losses can be decreased, for example, by using an efficient catalyst, by
increasing the electrode surface area or by operating the system at high temperature.
The resistance of the transfer of electrons in the electric circuit and the ions in the
electrolyte contribute to the ohmic losses. Ways to decrease the ohmic losses include
the use of highly conductive electrodes, contacts, decreasing the distance between the
electrodes and increasing the electrolyte conductivity. The transfer of reactants to the
electrode and the reaction products from the electrode cause mass transport losses. The
main mechanisms for ion transfer from the bulk solution to the electrode are diffusion,
convection and migration. The mass transport losses can be minimized by optimizing the
mixing, operating conditions and the geometry of the electrodes. (Newman & Thomas-
Alyea 2004)

When plotting the voltage over current, the activation losses are typically seen to
decrease the voltage rapidly at low current densities, while the ohmic losses cause the
voltage to decrease linearly when the current density increases (Figure 3.2). In high
current densities, the mass transport losses are dominant and cause the voltage to drop
rapidly. (Newman & Thomas-Alyea 2004) The contribution of different resistances to the
total internal resistance of the system can be analyzed by electrochemical impedance
spectroscopy (EIS). The measurement of the current while applying a small sinusoidal
alternating current (AC) potential provides impedance data, based on which the
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contribution of different system components can be determined for a known electric
circuit (for review, see e.g. Nechache et al. (2014) and Yuan et al. (2007)).

I Theoretical voltage

Activation
losses

Voltage (V)

Mass transport
losses

v

Current (A)

Figure 3.2: Losses in electrochemical systems. Activation losses are dominant at low
currents. When the current increases, the voltage decreases linearly due to ohmic losses.
With high currents, the mass transport losses start to limit the current generation. Modified
from Harnisch & Schroder (2010).

3.3 Selected applications

Electrochemical systems with suitable electron donor and electron acceptor produce
electrical energy spontaneously. Conversely, by applying external energy (e.g. voltage
or current), thermodynamically unfavorable electrochemical reactions can be realized on
the anode and cathode electrodes. Besides electrical energy production (Esquivel et al.
2017, Lim et al. 2017), electrochemical systems can be therefore used, for example, in
electrosynthesis (e.g. nanomaterials, catalysts and methanol) (Albo et al. 2017, Chen et
al. 2012, Yanilkin et al. 2016, Yue et al. 2017, Zaharieva et al. 2012), as sensors (Bo et
al. 2017, Wang & Musameh 2003), in metal recovery (Huyen et al. 2016, Paul Chen &
Lim 2005, Sarswat & Free 2016) and in corrosion protection (Fenelon & Breslin 2002,
Kralji¢ et al. 2003). This chapter presents electrochemical applications that are directly
related to the topic of this thesis.

3.3.1 Electricity production

Electrochemical systems producing electrical energy are divided into fuel cells and
batteries, depending on whether the system is open (fuel cells) or closed (batteries). In
fuel cells, the components involved in the redox reactions are fed to the electrochemical
system from external sources. In batteries, the reacting components are stored inside
the cell. (Winter & Brodd 2004) Therefore, a battery will stop producing electrical energy
when the chemical reactants have been consumed, while in fuel cells the energy
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production will continue as long as the reactants are provided or the system malfunctions
due to a mechanical failure.

Fuel cells and batteries are viable energy production systems especially for remote
locations without an existing power distribution network. Another promising commercial
application is the use of electrochemical systems to power automobiles. Electric vehicles
work with higher efficiency and are more environmentally friendly than internal
combustion vehicles (Al-Amin et al. 2016, Clark Il et al. 2003, Simons & Bauer 2015).
Currently, fuel cells are also used, for example, for energy production in spacecrafts
(Elitzur et al. 2016, Guo et al. 2016) and as emergency power generators (Devrim et al.
2015, Fosberg 2010).

To increase the reaction rates, fuel cells are usually operated at high temperatures
ranging from 100 °C (Alberti et al. 2000, Alberti et al. 2001, Belieres et al. 2006) to
1000 °C (Badwal 2001, Bonanos et al. 1995, Gonen et al. 2016). However, fuel cells with
a polymer membrane as the electrolyte work efficiently also at lower temperatures
(100 °C) (Poynton et al. 2010, Song et al. 2015, Wang et al. 2016). Lately, increasing
attention has been paid on further improving the efficiency and commercializing proton
exchange membrane fuel cells (PEMFC) — with a solid polymer membrane as the
electrolyte — especially to replace combustion engines in transportation (Ji et al. 2017,
Peng etal. 2017, Pourmahmoud et al. 2017). PEMFCs are environmentally friendly, have
high efficiency and stability, can be started-up fast and operated at low temperatures.

3.3.2 Metal removal

Metal ions can be electrochemically removed from solutions by using them as the
electron acceptor on the cathode of an electrochemical system. In suitable conditions,
the metal ions in a solution will accept electrons from the cathode electrode and deposit
on the surface of the electrode, from which metals can be recovered in pure elemental
form. Alternatively, electrochemical metal removal can be obtained by reducing metal
ions to an oxidation state that will precipitate in the used conditions.

The electrochemical reduction of metals is spontaneous, if the reduction potential of the
cathodic half-cell reaction (metal reduction, Table 3.1) is comparable or higher than the
anode potential (Equation 8). Otherwise, an external power supply is required to drive
the electron flow from the anode to the cathode. Control of the electrode potentials
enables also the selective recovery of metals even from mixed metal streams, as
different metals are reduced at different potentials. However, the low cathodic potentials
required for most metals enable hydrogen production (E° =0 V vs. NHE) as an alternative
cathodic reaction.
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Table 3.1: The theoretical reduction potentials of selected metals in standard conditions.

E° EOC
Reaction
(V vs. NHE) (V vs. Ag/AgCl)

AU + 3 e < Au +1.5 +1.3
Ag"+e o Ag +0.8 +0.6
Fe3* + e« Fe?t +0.77 +0.57
Cu?*+2e « Cu +0.34 +0.14
Pb%*+2e « Pb -0.13 -0.33
Sn?* +2e < Sn -0.14 -0.34
Ni2* + 2 € < Ni -0.25 -0.45
Co**+2e « Co -0.28 -0.48
Cr¥i*+3e < Cr -0.74 -0.94
Zn** +2 e < Zn -0.76 -0.96

Electrochemical metal recovery is a relatively simple and clean method with low
operating costs (Paul Chen & Lim 2005). Electrochemical systems have been used to
recover, for example, silver (Cruz et al. 2002, Paul Chen & Lim 2005, Pillai et al. 2008),
lead (Allen & Chen 1993, Mecucci & Scott 2002), copper (Hunsom et al. 2005, Paul Chen
& Lim 2005) and rare earth elements (Sarswat & Free 2016). Besides the type of metals
present, the efficiency of electrochemical metal recovery is affected by the
concentrations of the metals, pH of the solution, the presence of organic compounds (e.g.
humic acid), presence of inhibiting compounds (e.g. EDTA), mixing and the ionic strength
of the solution.

3.3.3 Treatment of acid mine drainage

Electrochemical systems have also been studied as a way to neutralize and remove iron
from AMD. The anodic oxidation of Fe?* to Fe3* — which precipitates as iron hydroxides
at pH above 3 — can be combined to the cathodic reduction of protons (H*) to hydrogen
gas (Hz) in the tailings pile (Bejan & Bunce 2015, Chartrand & Bunce 2003).
Electrochemical treatment is often cost-efficient, as electricity is a relatively cheap energy
source. However, successful treatment requires high current densities and the reactor
system materials should endure the acidity of the solutions. In addition, the reactors
should be designed in a way that the formed precipitates do not limit the performance
even in long-term operations. (Bejan & Bunce 2015) Obtained power densities have
increased up to 290 mW m- and coulombic efficiency above 97% (Cheng et al. 2007).
Besides ferrous iron, also water can be used as the anodic electron donor for the
hydrogen producing cathode. The oxygen producing reaction (water splitting) increases
the concentration of dissolved oxygen in the water and thus increases the rate of ferrous
iron oxidation to ferric iron. (Park et al. 2015)
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3.3.4 Sulfur compound removal

Electrochemical systems enable the removal of some sulfur compounds (e.g. S and
S,03%) that possess a risk to the environment (Pikaar et al. 2015, Ragauskas et al. 2003).
However, electrochemical treatment is often feasible only for low-volume streams with
high sulfur-compound concentrations. The anodic reactions have been reported to be
complex and involve the formation of many polythionates. The electrochemical oxidation
of thiosalts can be easily controlled and does not require the addition of chemical
oxidants, but may require high power and the precipitates need to be regularly removed
from the electrodes. (Dinardo & Salley 1998)

Dutta et al. (2008) studied the electrochemical removal of sulfide in a fuel cell with
controlled anode potential of 0.2 V vs. NHE. They obtained a sulfide removal rate of 0.28
+ 0.05 kg S m™ d* while generating 5 W m= power with potassium ferricyanide as the
cathodic electron acceptor. The reaction product of sulfide oxidation was elemental sulfur,
which was observed to deposit on the graphite anode electrode (Dutta et al. 2008). The
conductivity of elemental sulfur is very low (~5 x 10°° S cm™ in standard conditions), and
thus the deposited sulfur restricts the electron transfer on the surface of electrodes
(Ateya et al. 2003, Dutta et al. 2008, Reimers et al. 2006). However, elemental sulfur can
be electrochemically reduced to sulfide and polysulfides, enabling the regeneration of
the electrodes (Dutta et al. 2009). In addition, sulfur can be microbiologically converted
to sulfide (Dutta et al. 2009).

Besides direct oxidation, sulfide can be removed from solutions with electrochemical
systems indirectly via electrochemically produced oxygen. Pikaar et al. (2011) obtained
sulfide removal rate of 11.8 + 1.7 g S m? h! with mixed metal oxide electrodes. Sulfide
was mainly removed by the in-situ produced oxygen, and sulfate, thiosulfate and
elemental sulfur were obtained as the final reaction products (Pikaar et al. 2011).

Thiosulfate can be electrochemically oxidized (Du et al. 2006, Feng et al. 1995,
Ragauskas et al. 2003), but it also reacts spontaneously in the presence of oxygen
(Glasstone & Hickling 1932). At high potentials (>1.6 V vs. NHE), the electrochemical
oxidation of thiosulfate produces sulfate and elemental sulfur as the reaction products.
To avoid the formation of sulfur, Feng et al. (1995) proposed that thiosulfate can be
electrochemically oxidized in a two-step process. First, thiosulfate was oxidized to
tetrathionate at 1.2 V vs. NHE and then tetrathionate was electrochemically oxidized to
sulfate at potential above 1.6 V vs. NHE at pH 5 in acetate buffer with rotated disk
electrode (Feng et al. 1995). While applying current ranging from 10 mA to 200 mA to an
electrolysis cell with a carbon flow-through electrode, Ragauskas et al. (2003) reported
thiosulfate and tetrathionate oxidation to occur simultaneously.
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4 Bioelectrochemical systems

Bioelectrochemical systems utilize a biological catalyst, usually microorganisms, in the
electrochemical oxidation and/or reduction reactions. The use of microorganisms
enables the oxidation of compounds that could not be degraded in abiotic
electrochemical systems or would require high potential for oxidation. In addition, in
BESs electricity can be produced at ambient temperature and pressure. The
bioelectrochemically degradable substrates vary from simple organic compounds, such
as sugars and volatile fatty acids, to complex wastewater streams and inorganic
compounds. Similarly as with abiotic electrochemical systems, electricity producing
BESs are generally known as microbial fuel cells, while BESs running on external power
are called microbial electrolysis cells.

4.1 Operational principle

BESs utilize the ability of microorganisms to biologically degrade organic and inorganic
compounds and transfer electrons to a solid electron acceptor (Logan et al. 2006). On
the anode, microorganisms, which form biofilm on the surface of the anode electrode,
break down the substrate and transfer electrons from the substrate to the anode
electrode to gain energy for growth (Figure 4.1). As in conventional electrochemical
systems, the electrons are then transferred through the electric circuit to the cathode
electrode, where an electron acceptor accepts the electrons. To maintain a charge
balance, positive ions transfer from anode to cathode or negative ions from cathode to
anode through the electrolyte.

Microorganisms require water for growth and thus the anolyte (anodic electrolyte) has to
be a solution in BESs with bioanode. The anolyte characteristics (e.g. pH, salinity,
nutrients) need to support the microbial growth. To prevent the transfer of alternative
electron acceptors or growth limiting compounds from catholyte (cathodic electrolyte) to
anolyte, the electrolytes can be separated with an ion exchange membrane. The reactors
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with only the anolyte chamber are called air-cathode BESs while reactors with separate
anolyte and catholyte chambers are called two-chamber BESs (Figure 4.1).
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Figure 4.1: Schematic illustration of two-chamber and air-cathode bioelectrochemical
systems with bioanode. Substrate (S) is oxidized on the anode with the assist of microbial
catalysts. The electrons can be transferred to the electrode via three mechanisms: direct
electron transfer via membrane bound cytochromes (1), via mediating electron shuttles (2)
or directly via conductive nanowires (3). The electrons released in the oxidation reaction
transfer through an electric circuit to the cathode electrode. At the cathode, an electron
acceptor (A) accepts the electrons and reduces. lons (e.g. H* or OH") transfer through the
membrane to maintain the charge balance. In air-cathode systems, the cathodic electron
acceptor is oxygen from air. The current generation may be spontaneous when operated with
an external load (R) or an external energy source may be required to realize the oxidation
and reduction reactions.

In addition to what is required from the electrodes of abiotic electrochemical systems
(e.g. high conductivity, mechanical strength and electrochemical passivity), the
electrodes used in BESs need to also be biocompatible. Carbon electrodes are popular
due to their biocompatibility, low cost, stability and dimensional versatility (e.g. plate,
cloth, brush) (Butti et al. 2016). Metals are often not seen as good anode materials for
BESs, because trace amounts of metals may detach from the electrode during the
oxidation reaction and limit the growth of the microorganisms. However, Baudler et al.
(2015) obtained similar current densities with silver and copper electrodes than with
graphite and concluded that the oxidative dissolution rate of metals was low at the
measured potential range.

In MFCs, the cathode is often abiotic and chemical compounds, such as ferricyanide
(Lay et al. 2015, Wang et al. 2013), permanganate (Kumar et al. 2017a, You et al. 2006),
persulfate (Li et al. 2009, Pandit et al. 2011) and dichromate (Li et al. 2008, Pandit et al.
2011) have been used as the cathodic electron acceptors. However, the regular
replacement of such solutions increases the operation cost of the system. More easily
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available electron acceptor is oxygen from air, but in the operational conditions that
support microbial growth (e.g. temperature, electrolyte solutions) the rate of oxygen
reduction remains low. Therefore, efficient, cheap and durable catalysts need to be
developed to improve the energy production efficiency of air-cathode reactors. Recently,
platinum alloy PtNi (Cetinkaya et al. 2015) and iron based catalysts (Santoro et al. 2016),
for example, have been studied as more cost-effective alternatives to pure platinum. The
cathodic reduction reaction can be utilized also in resource recovery. For example,
metals (for review, see Nancharaiah et al. (2015)) and nutrients (for review, see
Nancharaiah et al. (2016)) have been recovered on the cathodes of BESs.

Another important performance limiting factor in BESs is the transfer of ions in the
electrolyte. The flow of negative electrons from anode to cathode needs to be
counterbalanced with the flow of positive ions from anode to cathode or negative ions
from cathode to anode. If the transfer of ions in the electrolyte is significantly slower than
the transfer of electrons, the electrolytic ion transfer can limit the efficiency of the system.
In BESs, the anode and cathode need to be often kept in different solutions to avoid the
inhibition of the anodic and/or cathodic electron transfer. For example, the cathodic
electron acceptors (e.g. O,, Fe®*) can work directly as the electron acceptors for the
microorganisms, directing electrons away from the anode electrode. Thus, the
compartments need to be separated with a membrane, which allows the transfer of the
desired ions, but prevents the transfer of performance limiting ions or compounds. For
example, proton exchange membranes (Oh & Logan 2006, Xu et al. 2012), cation
exchange membranes (Choi et al. 2011, Liu et al. 2008), anion exchange membranes
(Mo et al. 2009, Pandit et al. 2011) and bipolar membranes (ter Heijne et al. 2006, Xiang
et al. 2017) have been used for this purpose. However, the membrane materials are
often expensive and thus the use of membraneless systems has been proposed as an
alternative design. In such systems, for example, glass-wool or glass beads can be used
to separate the anode and cathode to prevent short-circuiting (Jang et al. 2004).

Besides the membrane material, the transfer of ions through the electrolyte is affected
by the solution conductivity. Conductivity depends on the ion concentration (e.g. H*, Na*,
CI) in the solution. Some electroactive microorganisms tolerate high salinity (Kim &
Logan 2013), but the conductivities of the treated wastewaters are often low (<2 S m?)
(Huang et al. 2009, Luo et al. 2012). In addition, the chemical composition of the anolyte
is often complex containing nutrients required for microbial growth and the pH is
maintained near neutral (Oliot et al. 2016). At neutral pH, the transfer of protons and
hydroxide ions remains negligible and the charge is balanced mainly by the other ions
(e.g. Na*, PO4*, CI) in the solution (Oliot et al. 2016).

Microorganisms can also be used to catalyze the reduction reaction at the cathode.
Some microorganisms can accept electrons from the cathode electrode and donate them
to an electron acceptor, such as sulfate or iron (Carbajosa et al. 2010, Luo et al. 2017,
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ter Heijne et al. 2007). Microorganisms can regenerate the catholyte (e.g. Fe?* to Fe3*),
removing the need for the continuous addition of the electron acceptor (ter Heijne et al.
2007). With external energy, biocathodes can also be used for the synthetization of
multicarbon compounds, such as acetic acid (Jourdin et al. 2015) and methane (Zhen et
al. 2015), from COa.

4.2 Substrates

Even though the MFC design and operation conditions affect the efficiency of the system,
the maximum power output is defined by the substrate. Both simple organic and
inorganic substrates (e.g. acetate, glucose, sulfide) and complex streams with multiple
substrate compounds (e.g. domestic and industrial wastewaters) have been used (for
review, see Gude (2016), Pandey et al. (2016) and Pant et al. 2010)). Simple substrates
are readily utilized by the microorganisms and high electricity production efficiencies
have been obtained. However, waste streams are more profitable substrate sources than
pure compounds based on costs, availability and possibility for simultaneous waste
treatment.

4.2.1 Organic substrates

The organic compounds used as the substrates in MFCs vary from carbohydrates and
alcohols to organic acids and amino acids (reviewed by Pandey et al. (2016)). However,
the organic compounds are rarely available as pure compounds in nature and their use
is thus relatively expensive. A more economical and environmentally friendly approach
is to use waste streams that contain organic compounds as the substrate (reviewed by
Gude (2016)). Waste streams rich with organic compounds include, for example,
domestic wastewater (Heidrich et al. 2014, Ren et al. 2014), food processing wastewater
(Fornero et al. 2010, Li et al. 2013, Oh & Logan 2005) and brewery wastewater
(Cetinkaya et al. 2016, Dong et al. 2015) (Table 4.1). More complex wastewater streams
used in BESs include wastewaters from dye (Kalathil et al. 2011, Nagendranatha Reddy
& Venkata Mohan 2016), cellulosic (Krishna et al. 2014, Lim et al. 2012), petroleum
(Mohan & Chandrasekhar 2011, Srikanth et al. 2016) and pharmaceutical (Yeruva et al.
2016) industries.
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Table 4.1: Examples of wastewaters used as the substrate sources for bioelectrochemical
systems in recent studies and the resulting electricity production. Oxygen was used as the
cathodic electron acceptor in all of the studies.

CcoD? Reactor CDwax? PDmax®  Rext®

Wastewater Reference
g/L type A/m? mW/m?2 Q
Nagendranatha
Azo dye 1.021 MFC 0.691 122 100 Reddy & Venkata
Mohan (2016)
Biorefinery 2.6 MFC 5.7 4080 250 Pannell et al. (2016)
Petroleum )
, 1.04 MFC 0.544 225 460  Srikanth et al. (2016)
refinery
Pharmaceutical ~10 MFC 0.00954 0.931 100 Yeruva et al. (2016)
Sawasdee &
Tannery 1.1 MFC 0.120 7 1000

Pisutpaisal (2016)

2 chemical oxygen demand, ® maximum current density, ¢ maximum power density, ¢ external
resistance

The lack of substrate can limit the electricity production and even lead to death of certain
important microorganisms, while high substrate concentrations can inhibit their growth.
High organic loading rates have been reported to increase the organics removal rate but
to lower the coulombic efficiencies (Juang et al. 2011, Rabaey et al. 2003). In such case,
the organic matter is consumed for cell growth and alternative pathways producing
different by-products instead of electricity production.

4.2.2 Inorganic substrates

The MFC research has mainly focused on organic substrates, but microorganisms can
use also inorganic compounds, such as ferrous iron (Emerson et al. 2010), reduced
inorganic sulfur compounds (Friedrich 1997), or hydrogen (Bowien & Schlegel 1981), as
the energy source. MFC studies conducted with inorganic compounds are listed in Table
4.2. Inorganic compounds are promising substrates for energy production or resource
recovery on sites, where no streams with organic compounds are available, e.g. mining
environments. However, the electricity production efficiencies have remained lower with
inorganic substrates than with organic substrates (Pandey et al. 2016). Therefore, further
studies are required to optimize and improve the efficiency of the inorganic MFCs.
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4.3 Microbial catalysts

Microorganisms gain energy for growth through oxidation and reduction reactions. After
the substrate oxidation, the electrons go through several oxidation and reduction
reactions within the microbial cell, before reaching the proteins that donate the electrons
to a final electron acceptor. The energy gain for the microbial cell is defined by the
difference of the reduction potentials of the electron donor and the electron acceptor.
Compounds with low reduction potential are efficient electron donors and compounds
with high reduction potential are efficient electron acceptors. Oxygen has a high
reduction potential (1.23 V vs. NHE), which makes it a very good electron acceptor.
Therefore, the majority of life forms on earth live through aerobic respiration. However,
not all microorganisms require oxygen for growth (anaerobes) and some species do not
grow at all in the presence of oxygen (obligate anaerobes). Besides oxygen,
microorganisms can utilize several soluble compounds like ferric iron (Fe®*), nitrate (NO3’)
or sulfate (SO4*) as the electron acceptor (Table 4.3). Moreover, some species utilize
the organic substrates as both electron donor and electron acceptor (fermentation).

In MFCs, the anode electrode serves as the terminal electron acceptor for
microorganisms. Therefore, the potential of the anode electrode defines the amount of
energy that the microorganisms gain for growth: the higher the anode potential, the
higher the energy gain (Schréder 2007). However, the amount of energy used for growth
decreases the amount of energy available for electricity production. To maximize the
electrical output, the anode potential should remain at the minimum value still supporting
the growth of the microorganisms.

The anode potential might also affect the enrichment of the electroactive species, as
some species can utilize the electrode as the electron acceptor only at certain potentials
(Wagner et al. 2010). Microorganisms capable of direct electron transfer have been
shown to enrich at low anode potentials, while higher potentials support the growth of
several microorganisms (Carmona-Martinez et al. 2013, Nam et al. 2011, Wagner et al.
2010).
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Table 4.3: The theoretical reduction potentials in standard conditions for common electron
donors and acceptors for microbial growth.

E° EC
Reaction
(V vs. NHE) (V vs. Ag/AgCl)

O2+ 4 H*+4e — 2H20 1.23 1.03
Fe3 + e — Fe?* 0.77 0.57
NOs +6H"+6 e — ¥ N2+ 3 H20 0.75 0.55
NOs + 2 H*+ 2 e — NO2 + H20 0.42 0.22
2H"+2e — H> 0 -0.2
S04 + 10 H* + 8 & — H2S + 4 H20 -0.21 -0.41
SO+2H"+2e — H2S -0.24 -0.44
CO2+8H*+8e — CHs+ 2 H20 -0.24 -0.44
CH3:COO +2H20 - 2CO2+7H*+8¢ -0.29 -0.49
CeéH1206 + 6 H2O — 6 CO2 + 12 H* + 24 e -0.43 -0.63

The transfer of electrons from the microorganisms to the anode electrode can occur
either directly or via a mediator (Figure 4.1). In direct electron transfer, the electrons are
transferred to the electrode directly from the membrane bound cytochromes (Busalmen
et al. 2008, Kumar et al. 2016). Some species are able to grow conductive nanowires,
which enable the formation of thicker biofilms. Alternatively, the microorganisms can
donate electrons to a mediator, which becomes reduced. When the mediator reaches
the electrode, it will be electrochemically oxidized. Good mediators are soluble, readily
metabolized, regenerative and stable during long-term operation (Butti et al. 2016,
Schrdder 2007). The mediator can be synthesized by the microorganisms or externally
added to the system, but the regular external addition of mediators is expensive and the
mediators might be toxic to the microorganisms (Butti et al. 2016). Endogenously
generated mediators include, for example, pyocyanin (Hernandez & Newman 2001) and
pyoverdine (Lee et al. 2016). Potassium ferricyanide (Penteado et al. 2017), neutral red
(Fathey et al. 2016), phenazines (Qiao et al. 2015) and quinones (Wong et al. 2016), for
example, have been used as externally added mediators. Similarly as in bioanodes, the
electron transfer in biocathodes has been proposed to occur either directly via the
membrane bound cytochromes or with the assist of electron shuttles (Rimboud et al.
2016, Rosenbaum et al. 2011).

4.4 Selected applications

Even though the original concept was to utilize BESs for electricity production, several
alternative applications have been discovered. Recently, increasing number of studies
have been focusing on biohydrogen production (Popov et al. 2016, Rago et al. 2017,
Rivera et al. 2017), hybrid processes with anaerobic digestion (Cui et al. 2017, Gajaraj
etal. 2017, Liu et al. 2016, R6zsenberszki et al. 2017) and nutrient recovery (Chen et al.
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2016, Iskander et al. 2016, Nagendranatha Reddy & Venkata Mohan 2016). BESs can
be used also, for example, for wastewater treatment (Cui et al. 2016, Marone et al. 2016,
Pannell et al. 2016, Sawasdee & Pisutpaisal 2016), for the electrosynthesis of
multicarbon chemicals (Aryal et al. 2016, Bajracharya et al. 2016, Ganigué et al. 2015),
for desalination (Borjas et al. 2017, Khazraee Zamanpour et al. 2017, Sophia &
Bhalambaal 2015) and as biosensors (Kretzschmar et al. 2017, Ma et al. 2016,
Yamashita et al. 2016). Selected applications directly related to the topic of this thesis
are presented below in more detail.

4.4.1 Electricity production

If the cathodic reduction reaction occurs at higher potential than the anodic oxidation
reaction, the electrochemical system will produce electricity spontaneously (Table 4.3).
Even though the current and power densities obtained in BESs have remained
significantly lower than in conventional fuel cells (Pandey et al. 2016, Xu & Armstrong
2013), BESs enable the electricity production from substrates that could not be utilized
for electricity production in abiotic fuel cells at ambient conditions. Substrates can be
found also from natural sources, e.g. soils (Kaku et al. 2008, Strik et al. 2008) and
sediments (Fu et al. 2015, Schrader et al. 2016), or waste streams (Pandey et al. 2016).
Electrical energy can thus be produced, for example, in remote areas that do not have
existing electrical infrastructure.

The maximum power obtainable from a MFC depends on the substrate, cathodic electron
acceptor and the cell configuration. In addition, multiple MFCs can be stacked to increase
the total amount of the produced power (Wu et al. 2016). The electricity produced with
BESs have been used to power, for example, sensors (Khaled et al. 2016, Schrader et
al. 2016, Tender et al. 2008), implantable medical devices (Han et al. 2010, Roxby et al.
2016) and even robots (leropoulos et al. 2010, Wilkinson 2000), a mobile phone
(leropoulos et al. 2013) and lightning in a music festival (leropoulos et al. 2016).

4.4.2 Wastewater treatment and environmental protection

Municipal and certain industrial wastewaters can be rich in organic compounds, which
need to be removed from the wastewater before release to the environment. With BESs,
the organic compounds can be removed by simultaneously converting the chemical
energy stored in the compounds to electrical energy, thus combing the treatment of the
water streams to electricity production.

The organic content of some wastewaters can be complex and not all organic
compounds are biodegradable. The conductivity of real wastewater streams can be very
low (<1 mS cm) (Jannelli et al. 2017, Martinucci et al. 2015), which can lead to high
ohmic losses caused by ion transfer in the electrolyte (Rozendal et al. 2008). The
limitation of the transfer of protons from anode to cathode will also decrease the pH at
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the anode of the BES, and if the buffering capacity of wastewater is low, the pH can
decrease rapidly to levels inhibiting the growth of the electroactive microorganisms
(Rozendal et al. 2008). The microbial activity can also be limited by the presence of toxic
compounds in the wastewater (Li et al. 2008, Min et al. 2005).

Treatment of real wastewater streams will require the facilities to treat high volumes of
wastewater, but the scaling up of the BESs has been challenging (He et al. 2017). In
large reactors, the internal resistance of the systems has been high due to the limited
ion transfer in the solution. In addition, efficient low-cost electrode and separator
materials should be developed to decrease the capital costs of scaled-up systems (Bultti
et al. 2016, Escapa et al. 2015, Logan 2010). Further studies are thus required to
increase the number of bioelectrochemical technologies reaching full-scale applications.

Besides wastewaters, BESs can be used to remediate water environments by reducing
the impact of environmentally harmful compounds, for example, by recovering the
compounds from the water streams, by transferring them to a less toxic form or by
affecting the conditions in such manner that the harmful compounds will precipitate.
BESs have been used, for example, for the removal of organic (Huang et al. 2011, Liu
et al. 2004), nitrogen (Virdis et al. 2008, Yu et al. 2011) and sulfur compounds (Rabaey
et al. 2006, Zhao et al. 2009).

4.4.3 Bioelectrochemical anodes in acidic conditions

In abiotic electrochemical systems, higher electricity generation efficiencies have been
obtained with electrolytes with either high or low pH. The high ion concentrations (H* or
OH) decrease the resistance caused by the ion transfer through the electrolyte. In BESs,
however, the operation conditions should be selected to support the growth of the
microbial catalyst. Many heterotrophic microorganisms grow most efficiently at neutral
conditions and most of the studies with BESs have been conducted at near-to-neutral
pH.

The low proton concentration at the cathode can slow down the cathodic reduction
reaction, if hydrogen ions are consumed in the reaction (e.g. oxygen reduction) (Erable
et al. 2009, Khalfbadam et al. 2016). To increase the efficiency of the cathodic reaction,
some BESs have been operated with a neutral anode and an acidic cathode. However,
this creates a high pH gradient over the membrane separating the chambers, which
leads to high voltage loss across the membrane. To decrease the pH gradient over the
membrane, both anolyte and catholyte can be operated in acidic conditions. In this case,
the microbial catalyst needs to be acidophilic. The use of acidic anolytes enables the use
of acidic wastewaters, for example from mining operations, as the substrate source.
Besides organic compounds (e.g. glucose, pyruvate), also inorganic sulfur compounds
(e.g. sulfide, tetrathionate) have been used as the substrate for electricity production in
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acidic conditions. Studies conducted in highly acidic conditions are summarized in Table
4.4,

4.4.4 Metal recovery

Similarly as electrochemical systems, BESs can be used to remove and/or to recover
metals from water streams by using the soluble metal ions as the electron acceptors at
the cathode. Copper has a high reduction potential (0.34 V vs. NHE) and its recovery
can thus be obtained with certain substrates without external energy. Studies reporting
recovery of copper with different kind of BESs are compiled to Table 4.5. Besides copper,
BESs have been used to remove, for example, silver (Choi & Cui 2012), cadmium (Modin
et al. 2012), chromium (Li et al. 2008), lead (Modin et al. 2012), selenium (Catal et al.
2009), vanadium (Zhang et al. 2012), uranium (Gregory & Lovley 2005) and zinc (Modin
et al. 2012).

Metals are often present in ionic form only in acidic conditions and precipitate at neutral
and basic conditions, for example, as metal hydroxides or metal oxides (Fu & Wang
2011). Therefore, in metal reducing BESs the catholyte solution needs to be kept acidic.
Most of the reported exoelectrogenic species grow only in neutral conditions (Caccavo
et al. 1994, Lovley et al. 1993a, Venkateswaran et al. 1999). The anode side can be
maintained neutral and the cathode side acidic, for example, by using a bipolar
membrane to restrict the diffusion of ions that affect the pH from anode chamber to the
cathode — and vice versa.

Metals are essential trace elementals for most organisms, but toxic in high
concentrations (Nies 1999). Therefore, with metal ions as the cathodic electron acceptor,
a risk of metal ions diffusion from the cathode to the anode exists. If diffusing, metals can
limit the growth of the electroactive microorganisms. The influence of metal ions on the
structure and function of microbial communities and the fate of metal ions in the anode
chamber requires further studies.
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4.5 Advantages and challenges of bioelectrochemical systems

The efficiency of BESs depends on several factors, including the fuel cell configuration and
design, the electrode and separator materials, pH, substrate concentration, the anolyte and
catholyte solutions, mediators and the microbial culture. In addition to high fabrication and
operation costs, the cost-efficiency of up-scaled applications has been limited by high
internal resistance, required pH buffering, and electrode and membrane fouling (Escapa et
al. 2015, Gil-Carrera et al. 2013, Gude 2016). In addition, long-term stability is required for
the process to be economically feasible. Effective and low-cost materials should be
developed, effective system should be designed and power densities should be improved
to manufacture scalable BESs for commercial applications (Rosenbaum & Franks 2014).

Compared to electrochemical systems, the start-up time of BESs is usually longer, as in
BESs biofilm formation time can vary from a few days (Wang et al. 2010b) to several weeks
(Wang et al. 2009). Microorganisms also require specific operational conditions (e.g. pH,
temperature) and nutrients for growth. BESs are also more vulnerable to performance
limiting disturbances than abiotic electrochemical systems due to microbial catalysts
(Jadhav & Ghangrekar 2009). Abiotic electrochemical systems can be operated e.g. at
extreme temperatures (>900 °C) and thus higher power production and efficiencies have
been obtained in electrochemical systems than in bioelectrochemical systems.

Despite the limitations, BESs provide a promising platform for the production of electrical
energy from waste streams. In addition, BESs provide novel methods for the wastewater
treatment, bioremediation, desalination, nutrient recovery and metal recovery, for example.
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5 Hypotheses and objectives of the present work

Microorganisms, which are able to oxidize reduced inorganic sulfur compounds while
simultaneously donating electrons to the solid anode electrode, were hypothised to be
present in mining environments. Increasing number of studies have addressed the
bioelectrochemical electricity production from different organic substrates and
wastewater streams, but only few studies have been conducted with inorganic substrates.
RISCs are promising substrates especially for the bioelectrochemical recovery of metals,
as both RISCs and metals are often present in mining waters. Mining environments
contain also solid minerals (e.g. Fe;O3;, FeO(OH)) that microorganisms can use as
terminal electron acceptors. Therefore, mining process water was used as the inoculum
for RISC-fed bioelectrochemical systems in order to enrich for RISCs-oxidizing
electroactive microorganisms (Paper ).

The electricity production in the BESs fed with inorganic sulfur compounds was
hypothised to improve after optimization of the external resistance (Paper Il). Several
studies report increasing current and power densities after the external resistance has
been gradually decreased (Aelterman et al. 2008, Jadhav & Ghangrekar 2009, Jang et
al. 2004). Thermodynamically, the cell will produce maximum power when the external
resistance equals the internal resistance. The internal resistance of the
bioelectrochemical cell will decrease over time as the biofilm develops, and thus by
decreasing of the external resistance, the energy production from the BES can be
accordingly maximized.

The enrichment of the electroactive biofilm and the accumulating reaction products were
hypothesized to affect the electricity production efficiency in long-term operation (Paper
II). Long-term stability is essential for cost-efficient technical applications, but in long-
term operated MFCs, accumulating reaction products may inhibit the microbial growth.
In addition, the excess formation of biomass has been reported to limit the ion exchange
between the chambers and the reduction of the electron acceptor at the cathode in MFCs
fed with organic substrates (Choi et al. 2011, Miskan et al. 2016, Xu et al. 2012). However,
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in chemolithotrophic growth, biomass yields often remain lower than in heterotrophic
growth (McCollom & Amend 2005). To monitor the long-term performance and
accumulation reaction products, tetrathionate-fed MFC was run and monitored for 744
days (Paper II).

The anode potential of the tetrathionate-degrading MFCs remained significantly higher
than the theoretical reduction potential of tetrathionate (Paper IlI). The microbial
population was assumed to be adapted to the high anode potential and thus the anode
potential did not spontaneously reach lower value. The microbial culture was
hypothesized to adapt to the lower anode potential, if the anode potential was gradually
decreased (Paper IlI).

The electrochemical degradation of tetrathionate was not spontaneous in abiotic control
systems (Paper 1), but electrochemical degradation was hypothesized to be efficient, if
enough external energy was applied. The anode potential was gradually increased to
reach the state, where current generation from the abiotic electrochemical oxidation of
tetrathionate was obtained (Paper IlI).

Tetrathionate was hypothesized to be a suitable substrate for electrochemical recovery
of copper. The recovery of copper with bioelectrochemical systems has been previously
demonstrated (Modin et al. 2012, Motos et al. 2015), but no studies have addressed the
use of inorganic substrates in bioelectrochemical metal recovery. Even though the
anodic and cathodic reactions are separate, the formed reaction products may influence
the rate and the efficiency of the oxidation and reduction reactions. The current
generation was, therefore, studied in bioelectrochemical and electrochemical cells with
tetrathionate degrading anode and copper reducing cathode (Paper 1V).

The bioelectrochemical tetrathionate degradation occurred at lower anode potential than
the abiotic electrochemical tetrathionate degradation, indicating that less external energy
is required to combine tetrathionate degradation to cathodic copper reduction in
bioelectrochemical system than in electrochemical system (Paper [V). Both
tetrathionate-degrading systems were hypothesized to require less external energy than
a water-oxidizing copper reducing electrochemical system (Paper V).
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Based on the presented hypotheses, the specific objectives of this thesis were as follows:

To screen the microbial communities in mining process waters for
electroactive chemolithotrophic microorganisms (Paper )

To determine whether tetrathionate can be used as the substrate for
bioelectrochemical electricity production in two-chamber fuel cell with
ferric iron as the cathodic electron acceptor (Paper )

To determine the maximum electricity production efficiency of
tetrathionate-fed microbial fuel cells by optimizing the external resistance
(Paper 11)

To study the long-term stability of tetrathionate-fed microbial fuel cell
(Paper 11)

To determine the microbial species involved in the tetrathionate
degradation and electricity production (Paper I, Paper II)

To study the adaptation of the microbial culture to different anode
potentials by controlling the anode potential with a potentiostat (Paper IlI)

To determine the anode potential required for abiotic electrochemical
tetrathionate degradation (Paper Ill, Paper V)

To determine the external voltage required to combine bioelectrochemical
and electrochemical tetrathionate degradation to cathodic copper
reduction (Paper IV)
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6 Materials and methods

This chapter contains a short description of the materials and methods used in the
experiments. More detailed information on the operational conditions and analyses
performed is presented in the publications.

6.1 Overview of the experiments

Overview of the performed experiments is presented in Figure 6.1. The presence of
tetrathionate degrading microorganisms in biohydrometallurgical process waters was
first tested by cultivating the microorganisms in aerobic and anaerobic batch bottles
containing tetrathionate and then in tetrathionate-fed MFCs with ferric iron as the
cathodic electron acceptor (Paper 1). After electricity production was successfully
demonstrated, the electricity production efficiency was improved by optimizing the
external resistance (Paper Il). The long-term stability of the electricity production was
studied by monitoring a MFC fed with tetrathionate for over two years (Paper II). The
capability of the microorganisms to adapt to lower anode potentials than recorded in
above-mentioned experiments was tested by gradually decreasing the anode potential
with a potentiostat (Paper 1ll). The electricity production was compared to an abiotic
electrochemical tetrathionate degrading cell (Paper Ill). Finally, the external voltage
required to combine anodic tetrathionate degradation to cathodic copper reduction was
studied in bioelectrochemical and abiotic electrochemical systems (Paper 1V).
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Figure 6.1: Overview of the experiments.

6.2 Reactor configuration

The two-chamber flow-through electrochemical system used has been previously
described by ter Heijne et al. (2008) (Figure 6.2). An anion exchange membrane (AMI-
7001, Membrane International, USA) or a monovalent cation exchange membrane
(CIMS Neosepta, Astom, Japan) was used to separate the anode and cathode chambers
to minimize the diffusion of alternative electron acceptors (i.e. Fe3* and Cu?*) from
cathode to the anode. Graphite plates (MR Graphite, Germany) covered with carbon
paper (Graphite foil, Coidan graphite products, USA) were used as the anode and
cathode electrodes in all experiments. The volume of both anode and cathode chamber
was 33 cm?® each and the effective surface area of the electrodes was 22 cm?. Anode
and cathode potentials were measured against Ag/AgCl reference electrodes (Sentek,
UK; estimated standard potential 0.205 V vs. Normal Hydrogen Electrode (NHE)) placed
in 3 M KCI and connected to the anolyte or catholyte with a glass capillary (QiS, the
Netherlands). All the potential values are presented against Ag/AgCl, if not otherwise
stated. The reactors were operated at room temperature (22+5 °C) in a fed-batch mode.
The anolyte and catholyte solutions were continuously recirculated (166—-170 mL min-1)
over a recirculation bottle (Figure 6.3). The operational parameters of the
bioelectrochemical and electrochemical systems were as summarized in Table 6.1.
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Figure 6.2: A schematic illustration (A) and a photograph (B) of the two-chamber flow-
through reactor used in the experiments.
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Figure 6.3: Schematic diagram of the electrochemical operation system.
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Table 6.1: Operated bioelectrochemical and electrochemical systems.

Electrochemical

Volume

a .
Cell Type Membrane Catholyte connection L) Inoculum Used in
Enl Multimetal
En2 3+ External resistance mining
En3 MFC AEM 2g/L Fe 1000 O 0.625 process Paper |
En4d water

MEC A External resistance Multimetal
(En3 2A) gradually decreased minin Paver |
MFC AEM 2 g/L Fe®* from 1000 Q to 240 0.625 9 per-,
MFC B process Paper Il
(En3 2B) Q (En3 2A) or to 100 water
Q (En3 2B)
External resistance
3+ gradually decreased Anolyte of
MFC LT MFC mCEM 2g/L Fe from 1000 O to 100 0.625 MEC B Paper I
Q
Anode potential Anolvte of
BES MEC AEM 2 g/L Fe®* controlled with 0.625 Y Paper IlI
; MFC B
potentiostat
Anode potential
ES EC AEM 2 g/L Fe®* controlled with 0.625 Paper 111
potentiostat
Cell voltage Anolvte of
MEC MEC AEM 1 g/L Cu?*® controlled with 0.5 y Paper IV
; MFC LT
potentiostat
Cell voltage
EC EC AEM 1 g/L Cu?* controlled with 0.5 Paper IV
potentiostat

2 cell label in the publications, P started up with 2 g L™t Fe3* as the catholyte, MFC: microbial fuel
cell, MEC: microbial electrolysis cell, EC: electrochemical cell, AEM: anion exchange membrane,
mCEM: monovalent cation exchange membrane.

6.3 Simulated mining water

The bioelectrochemical systems were operated with simulated acidic mining water as
the anolyte. The simulated mining water contained 10% (v/v) of Mineral Salts Medium
(MSM; 1 L contained 3 g (NH4)SO4, 0.1 g KCI, 0.5 g K2HPO4, 0.5 g MgSO. - 7 H20, and
0.013 g Ca(NOs)2 - 4 H»0) and 1% (v/v) of trace element solution (TES; 1 L contained
11 mg FeCls - 6 H20, 0.5 mg CuSOq - 5 H,0, 2 mg H3sBO3, 2 mg MnSQO, - H,0, 0.8 mg
Na:MoO. - 2 H,0, 0.6 mg CoCl - 6 H20, 0.9 mg ZnSO, - 7 H,0, and 0.1 mg Na,SeOy)
in phosphate buffered (20 mM K;HPO,) MQ-water. The initial concentration of
tetrathionate (added as K»S40g) was 2.5 g S406* L. Concentrated HCI (37%) was used
to adjust the anolyte pH to 2.5. More tetrathionate was added to the fed-batch reactors
after the tetrathionate concentration decreased below 0.5 g L.
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6.4 Inoculation and analysis of microbial communities

The bioelectrochemical reactors were inoculated with either original mining process
water originating from multimetal ore heap bioleaching (Paper I) or with a culture that
had been enriched in a tetrathionate-fed MFC for 8 to 18 months (Papers 1I-IV). To
remove oxygen, anolyte and catholyte solutions were purged with nitrogen (15 minutes)
prior inoculation with 10% (v/v) of inoculum.

The microbial communities were analyzed from the original multimetal mining process
waters (Paper 1), from the anode electrode surface (Paper I) and anolytes (Paper I, Paper
II) of the tetrathionate-fed MFCs using polymerase chain reaction denaturing gradient
gel electrophoresis (PCR-DGGE) as described earlier by Makinen et al. (2012). Primers
used in the PCR to amplify the bacterial 16S rRNA sequences were BacV3f (5-CCT
ACG GGA GGC AGC AG-3")and 907r (5-CCG TCAATT CCT TTG AGT TT-3’) (Muyzer
et al. 1996, Muyzer et al. 1993). The amplified samples were sequenced at Macrogen
(Korea), edited with BioEdit (Version 7.1.3.0, Ibis Biosciencies, USA) and compared to
GenBank database sequences using BLAST (http://blast.ncbi.nim.nih.gov).

6.5 Analyses

The changes in the chemical composition of the anolyte and catholyte solutions and the
electrochemical performance of the cells were followed periodically. Physicochemical
and electrochemical analyses performed and the used analysis methods and
instruments were as presented in Table 6.2.
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Table 6.2: Used analysis methods and equipment.

Parameter Method/Instrument Reference/Manufacturer
WTW 330 pH meter (WTW, Germany) with
pH pH electrode ) )
a Slimtrode electrode (Hamilton, Germany)
. . inoLab Multi Level 1 meter
Conductivity Conductivity meter
(WTW, Germany)
Electrode _ I .
) Agilent 34970A Data Acquisition/Switch
potentials, cell Datalogger ) i
Unit (Agilent, Canada)
voltage
) PalmSens 3 potentiostat/galvanostat
Current Potentiostat
(PalmSens BV, the Netherlands)
) pStat 8000P Multi Potentiostat
Current Potentiostat .
(DropSens, Spain)
Cyclic ) PalmSens 3 potentiostat/galvanostat
Potentiostat
voltammetry (PalmSens BV, the Netherlands)
ICS-1600 ion chromatograph
(Dionex, USA) with AS-DV autosampler,
S04%, S203% lon chromatograph _
lon- Pac AS4A-SC anion exchange column
and ASRS-300 suppressor (2 mm)
Spectrophotometer
5% pectiop Cord-Ruwisch (1985)
(CuS method)
Spectrophotometer
S406% pectropn! Modified from Kelly et al. (1969)
(Cyanolysis)
cu2t Atomic absorption AAnalyst 400 with Lumina lamp Co—Cr—
spectrophotometer Cu—Fe—Mn-Ni (PerkinElmer, USA)
Spectrophotometer
Fe2+ pectrop _ APHA (1995)
(1,10-phenantroline method)
Atomic absorption AAnalyst 400 with Lumina lamp Co—Cr—
Total Fe

spectrophotometer

Cu—Fe—Mn-Ni (PerkinElmer, USA)

6.6 Calculations

In MFCs, current (I) and power (P) were calculated from the measured voltage (U) and
the used external resistance (R) by following the Ohm'’s law:

(9)

P=Ul (10)

Current and power densities were calculated by normalizing the current or power against
the effective surface area of the electrodes (22 cm?). Performance analysis was done
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either by gradually decreasing the external resistance (values ranging from 50 000 Q to
10 Q) every 30 minutes or by linear sweep voltammetry (LSV). The internal resistance
was calculated based on the polarization curve as the relation of the change in the
voltage to the change in the current in the linear region (Fan et al. 2008).

The coulombic efficiency (CE) was calculated by dividing the electrical energy produced
in coulombs with the electrical energy theoretically releasable from the substrate using
Equation 11, where | is the generated current, n is the molar amount of substrate, b is
the amount of electrons releasable from one mole of substrate and F is the Faraday
constant (96 485 s A mol?).

_ [dt (11)

CE nFb
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7 Results and discussion

This chapter highlights the main results and discusses the integrated significance of the
findings. More detailed description of the results and more specific discussion is
presented in the original publications.

7.1 Inoculum and microbial communities

Process water samples from multimetal mining operation were observed to contain
microorganisms capable to degrade tetrathionate aerobically in batch bottles and
anaerobically in bioelectrochemical systems (Paper ). The start-up time of the
bioelectrochemical electricity production was relatively long (approximately 100 days) in
the first experiment, but thereafter electricity was produced continuously. The long start-
up time presumably resulted from low microbial density in the mining process water used
as the inoculum and the acclimation of the microorganisms to the changed growth
environment. When new fuel cells were inoculated with the anolyte solution of a MFC
already operated on tetrathionate, the electricity production was observed to start within
one to twenty days (Paper Il). Microorganisms already adapted to the operation
conditions were thus able to continue the electricity production with a short lag-time.

The microbial community analysis showed that the original process waters contained
several iron- and sulfur-oxidizing microorganisms, which is typical for mining
environments (Halinen et al. 2012, Johnson & Hallberg 2008). In MFCs, the dominant
microorganisms in the anolyte and on the anode electrode surface were closely (299.5%)
related to Acidithiobacillus spp. and Ferroplasma spp. (Paper I). Acidithiobacillus species
are known to degrade tetrathionate aerobically and anaerobically with ferric iron as the
electron acceptor (Table 7.1) (Osorio et al. 2013, Quatrini et al. 2009). Ferroplasma spp.
oxidize ferrous iron (Dopson et al. 2004, Golyshina et al. 2000), but sulfur oxidation has
not been reported. Ferroplasma spp. were thus presumably utilizing either iron leaking
from the cathode to anode or organic excretes of other microorganisms as the substrate
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for growth. After 80 days of operation and onwards, only species closely related to
Acidithiobacillus spp. were detected in the PCR-DGGE from the anolyte of long-term
operated MFC (Paper II).

Table 7.1: Characteristics of the species closely related (299.5%) to the dominant
microorganisms in the tetrathionate-fed MFCs.

) Carbon Sulfur Iron Opt. T Opt. pH
Species Phylum ) . )
metabolism? metabolism? metabolism? (range) (range)
Acidithiobacillus . Obligate Sulfur Iron oxidation 30-35 °C® 2.5°
) Proteobacteria L . b b
ferrooxidans autotroph oxidation and reduction (10-37 °C) (1.3-4.5)
Acidithiobacillus . Obligate Sulfur 28-30 °C® 2-3°
. Proteobacteria L n.r. " "
thiooxidans autotroph oxidation (10-37 °C) (0.5-5.5)
Ferroplasma ) | Iron 35°C* 1.7¢
o Euryarchaeota Mixotroph n.r. o
acidiphilum oxidation (15-45 °C)® (1.3-2.2)°
Ferroplasma ; Iron 42 °Cd 1.24
. Euryarchaeota Mixotroph? n.r. L
acidarmanus oxidation (23-46 °C)® (0-1.5)¢

2 Johnson & Hallberg (2008), ® Schippers (2007), ¢ Golyshina et al. (2000), ¢ Dopson et al. (2004),
¢ Kelly & Wood (2000), n.r. not reported

The electricity production with the type strains of pure cultures of Acidithiobacillus
ferrooxidans and Ferroplasma acidiphilum was tested in sterilized two-chamber MFCs
with ferric iron as the cathodic electron acceptor (unpublished data). However, the
electricity production remained negligible during the whole 80-day test period. The
enriched microorganisms thus had higher competence for bioelectrochemical
tetrathionate degradation than the type strains.

The microbial communities were analyzed by PCR-DGGE, which enables the analysis
of only the dominant species. Therefore, alternative species may have been involved in
the bioelectrochemical tetrathionate degradation, which remained undetected due to
their low quantity. However, as the MFCs were operated at room temperature in highly
acidic conditions with only inorganic sulfur as the substrate, only extremely acidophilic
chemolithotrophs are able to grow in such conditions. This leads to low microbial
variation.

High K* and CI- concentrations, which resulted from the periodical addition of K»S40¢ and
replacement of the FeCl; or CuCl, catholyte, may have also limited the growth of
microorganisms that do not tolerate high salinity. In the anolyte of the long-term operated
MFC LT, the K* concentration increased close to 6 g L'* and the CI- concentration to 4 g
Lt (unpublished data). Acidithiobacillus spp. have been reported to tolerate K*
concentrations above 6 g L** and CI concentrations up to 14 g L** (Harahuc et al. 2000,
Kieft & Spence 1988, Suzuki et al. 1999). Therefore, even if the high salinity may have
affected the composition of the microbial community, K* and CI- did not significantly limit
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the growth of the electroactive microorganisms even in the long-term operated MFC.
This is supported by the stable tetrathionate degradation rates.

Chemolithoautotrophic microorganisms consume significant amount of the energy
released in the substrate degradation to synthetization of the cellular components, which
leads to lower biomass yield (McCollom & Amend 2005). The risk of performance limiting
biofouling on the membrane or on the cathode electrode surface is thus lower in low-pH
MFCs fed with inorganic substrates than in MFCs fed with organic substrates and
operated at neutral pH. Even after 740 days of operation, no significant biofouling was
observed in the tetrathionate-fed MFCs (Paper II).

Acidithiobacillus species have been reported to contain several type ¢ cytochromes
(Yarzabal et al. 2002), which are known to be essential for extracellular electron transfer
in electroactive species (Estevez-Canales et al. 2015). No previous studies report the
use of Acidithiobacillus spp. as the anodic microbial catalyst, but At. ferrooxidans has
been used as the cathodic biocatalyst in BESs with ferric iron catholyte (ter Heijne et al.
2007). At the cathode, At. ferrooxidans oxidizes the electrochemically generated ferrous
iron to ferric iron, thus regenerating the iron catholyte solution.

During the operation of the MFCs, the anodic pH decreased below one and the sulfate
concentration increased to tens of grams of sulfate per liter (Paper I, Paper I1). Too low
pH and/or too high sulfate concentrations can affect the growth of microorganisms (Al
Zuhair et al. 2008, Dopson et al. 2016). However, mining waters can be extremely acidic
and the sulfate concentration in such streams can naturally increase up to several
hundred grams per liter (Nordstrom et al. 2000). The low acidity and produced sulfate
were not observed to inhibit the growth of the enriched microorganisms, which originated
from multimetal mining process waters.

7.2 Electrochemical performance of bioelectrochemical and
electrochemical systems

7.2.1 Electricity production in microbial fuel cells

The current generation started in tetrathionate-fed MFCs after 20 days of operation and
in 100 days the electricity production reached the maximum level (Paper I). The current
density was successfully improved by optimizing the external resistance (Paper Il, Table
7.2). However, the power density decreased when operating the system with external
resistance below 499 Q, due to the decreasing voltage caused by the increasing anode
potential. This indicates that low anode potentials did not support high current generation.
However, continuous electricity production was obtained for over 740 days and the
average current density with 100 Q resistance was 150 mA m=2. The maximum current
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density and power density obtained in the performance analysis improved over time as
the biofilm was developing. The maximum current and power densities obtained in the
performance analysis were on day 284 over two times (315 mA m?2 and 14.1 mW m-?)
and on day 711 over seven times (1120 mA m? and 44 mW m) higher than what was
obtained on day 74 (145 mA m?2 and 6.5 mW m2). However, the performance analysis
by linear sweep voltammetry with the scan rate of 1 mV s* was observed to lead to
overestimation of the current and power generation capacities in tetrathionate-fed MFCs
likely due insufficient stabilization time (Paper II).

Ni et al. (2016) studied the use of tetrathionate, thiosulfate and sulfide mineral flotation
process water as the substrate for MFCs at pH below 2.5. With tetrathionate as the
substrate, they obtained maximum current density of 34 mA m?2 and power density of
2.5 mW m=2. Zhao et al. (2009) reported maximum current density of 1.15 A m2 with
sulfite and thiosulfate as the anodic electron donors. In this system, however, electricity
production resulted from the abiotic electrochemical oxidation of sulfide generated from
sulfite and thiosulfate by sulfate reducing bacteria (Zhao et al. 2009).

The maximum current and power densities obtained in this study remain significantly
lower than what has been obtained with MFCs degrading organic compounds (reviewed
e.g. by Pandey et al. (2016)). However, the bioelectrochemical electricity production in
acidic conditions and/or with inorganic sulfur compounds as the substrate has been
addressed only in a few studies and the process requires further optimization. The
electricity production efficiency could presumably be enhanced by optimizing the fuel cell
configuration and operation conditions.

7.2.2 Internal resistance

In fuel cells, the maximum power can be obtained when the external resistance equals
the internal resistance of the cell. In the performance analysis of tetrathionate-fed MFCs,
the internal resistance was measured to be approximately 200 Q after operated with the
external resistance of 1000 Q for over 100 days (Paper I). In the long-term operated MFC
LT, the internal resistance decreased over time, from 420 Q (day 74) to 190 Q (day 284)
(Paper II). In the MFC LT, the external resistance was gradually decreased, but the cell
was operated otherwise in the same conditions throughout the experiment. The decrease
in the internal resistance was thus presumed to result mainly from enhanced biofilm
activity on the anode. Besides enriching for electroactive microorganisms (Kim et al.
2004), the cultivation of microorganisms in bioelectrochemical systems can increase the
electroactivity of the microorganisms (Rabaey et al. 2004) and cause phenotypic
changes in the microbial strains (Yi et al. 2009).

Microbial biomass accumulation on the membrane (Xu et al. 2012) or on the cathode
electrode surface (Yang et al. 2009) can limit the ion transfer and thus increase the
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internal resistance. However, no performance limiting biofouling was observed even after
over 740 days of operation. The accumulating potassium from added K.S4Os, chloride
ions from FeCl; and CuCl, and formed sulfate presumably increased the conductivity of
the anolyte solution, and thus also led to lower ohmic resistance (Nam et al. 2010).
However, the conductivity of the fresh anolyte solution was high (11.5 mS cm?) even
without added K*, CI-, or SO4%. Therefore, the increasing sulfate and ion concentrations
were not presumed to have a significant effect on the internal resistance.

7.2.3 Effects of anode potential and applied cell voltage

In electrochemical systems, electrons can be transferred from the substrate to the anode
electrode either directly or via a mediator. The anode potential depends on the reduction
potential of the final electron donor, which in electrochemical systems is usually the
substrate itself. In BESs, the electrons can be transferred to the anode electrode, for
example, from a cytochrome on the microbial cell surface or via an indigenous or
externally added mediator.

In tetrathionate-fed MFCs, the anode potential remained significantly higher (above
0.350 V vs. Ag/AgCl) than theoretical reduction potential of tetrathionate (0.069 V vs.
Ag/AgCl). The potentials of the electrodes can significantly differ from the theoretical
reduction potential values due to losses caused by the MFC configuration and reaction
efficiencies (Logan et al. 2006, Rabaey & Verstraete 2005). The ability of the
microorganisms to adapt to lower anode potentials that what was obtained in the MFCs
was tested by gradually lowering the anode potential with a potentiostat (Paper III).
However, the current densities did not reach the same level that was obtained in the
tetrathionate-fed MFCs (Table 7.2.), the average current density values being 70 mA m-
2,25 mA m2 and 3 mA m2 with anode potentials of 0.4 V, 0.35 V and 0.3 V, respectively.
Negative current (-6 mA m-?) was obtained with anode potential of 0.275 V, which implies
that with low anode potentials tetrathionate or intermediary sulfur compounds (e.g. S>03%)
were biologically or abiotically reduced at the anode.

59



|| 1oded 9€T 11 L6V VOV 6 2z 0GT G2z 68 1€ 00T
|| 1oded 0GT 7’9 187  6vY €5 0z 86 €6T 20T 2s ove
|| 1oded 4 6V vy 19V €9 LT G/ 9z1 LET z8 661
|| 1oded 212 Z Gl 62V L'y 61 Gt 0L 0GT 10T 000T  L1D4W
|| 1oded T€T 0T 6V vV TS L 0GT 0.1 2z 69 00T
|| 1oded 281 9'9 697  6GY '8 0T oz1 oVt 19 vl ove
|| 1oded €02 A% vy GOV 1T LT 86 621 80T €91 661
|| 1oded 99T 92 vy 89¢ 6'S 97T ov 9. 20T 98T 000T 924N
|| 1oded 8ET 26 ozy  1Tv G'8 0z Get 11T 99 00T ove
|l 1oded €81 TS 00y  2.€ 2T 9z GOT 19T GTT LT 661
|| 1oded 68 9¢ 067  GSE 6C VT 9z 08 85 8T 000T  VO4W
| laded 181 G2 Gy 69€ 9 vl 2S 08 20T G/T 000T d¢ eu3
| Joded vt 8T LTS €9¢ ST o) 9¢ 19 6€ 811 000T V¢ gu3
| 1aded 0zT 90 625  66€ €0 'S T 0S 9z 60T 000T yu3
| 1aded 61T TT 9IS  ¥6€ T L9 2z GG 9% 121 000T eus
| 1aded ST 70 TvS 609 T0 G0 8 GT T e 000T cu3
| Jaded 9 T 2I1S  €8v G0 ST GT 9z 62 S 000T Tu3
‘Bay "UIIN ‘Bay XenN ‘BAy "Xen ‘BAy "Xen
- 11 Bw %  10Bv/BY 'sA AW W MW 2-W yw AW O
ouasdey  (Lfo'S)a  Yad dv dad aon abeljon S| OdIN

"'SO4IN paresado ul ((,°0rS)Q) ares uolrepelbap sjeuolyrensl
pue (¥v39)) Aoualdia 21quiojnod aipoue ‘(dv) renuaiod apoue ‘(Qd) Aususp tamod ‘(gD) Aususp juaund ‘ebeioa :Z'/ 9|gel

60



The high anode potential required for electricity production indicates that the final
electron donor (in the metabolic pathway or a mediator) requires significantly higher
potential for oxidation than the calculated reduction potential for tetrathionate.
Nevertheless, the minimum anode potential required for bioelectrochemical current
generation from tetrathionate (0.3 V vs. Ag/AgCl) was lower than what was required for
abiotic electrochemical tetrathionate degradation (0.5 V vs. Ag/AgCl) or for the
electrochemical oxidation of water (0.88 V vs. Ag/AgCI).

No previous studies report the use of tetrathionate as the substrate for
bioelectrochemical electricity production. Feng et al. (1995) studied the electrochemical
oxidation of thiosulfate at pH 5 with rotated disc electrode and hypothesized that
thiosulfate was oxidized to sulfate in two-step process, first thiosulfate to tetrathionate at
anode potential of 0.8 V vs. Ag/AgCl and then tetrathionate to sulfate at anode potential
of 1.4 V vs. Ag/AgCl. However, the effect of anode potential or the applied voltage on
electrochemical tetrathionate degradation has not been previously studied.

By applying external voltage or current, unspontaneous oxidation and reduction
reactions can be realized on the anode and the cathode. The theoretical reduction
potential of copper (0.135 V vs. Ag/AgCI) is lower than the measured minimum anode
potential for bioelectrochemical (0.3 V vs. Ag/AgCl) or electrochemical (0.5 V vs. Ag/AgCI)
tetrathionate degradation. Theoretically, above 0.165 V of external voltage is thus
required to combine a tetrathionate degrading anode to copper reducing cathode. The
minimum reduction potential for water oxidation was measured to be 0.88 V vs. Ag/AgCI
at pH 2.5 in the used electrochemical system (Paper lll). The results indicate that the
tetrathionate degrading (bio)electrochemical systems would require less external voltage
for copper removal than the conventional water-oxidizing electrochemical systems.

The simultaneous removal of tetrathionate and copper in bioelectrochemical and
electrochemical systems was studied by applying external cell voltage (Paper 1V). At low
applied voltages (<0.5 V), the highest current density was obtained with MEC (15-30 mA
m-2). The external voltage required to increase the anode potential above 0.8 V vs.
Ag/AgCl (the minimum anode potential for efficient abiotic electrochemical tetrathionate
degradation) was 0.75 V in both bioelectrochemical and electrochemical systems.
Therefore, current was presumably generated in MEC at applied voltages above 0.75 V
via both bioelectrochemical and electrochemical tetrathionate degradation. At high
applied voltages (>0.75 V), EC provided higher current density (410-3600 mA m-) than
MEC. The rate of electrochemical tetrathionate degradation was thus presumably higher
than the rate of bioelectrochemical tetrathionate degradation and the biofilm on the
anode electrode may thus have limited the electricity production in bioelectrochemical
systems by decreasing the electrode surface area available for electrochemical
tetrathionate degradation. However, higher current was obtained in both
bioelectrochemical and electrochemical systems than in water-oxidizing control.
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7.3 Bioelectrochemical and electrochemical tetrathionate
degradation and reaction products

No electricity production was observed in a control MFC operated without tetrathionate.
Therefore, electricity in the MFCs was thus produced solely from tetrathionate and not
from other media compounds (Paper I). No current was generated also in the abiotic
control reactor fed with tetrathionate and operated with ferric iron as the cathodic electron
acceptor, which demonstrates that tetrathionate does not spontaneously degrade in
electrochemical systems without applied voltage or a microbial catalyst. The anodic
tetrathionate concentration was decreasing in the abiotic control reactor, but the sulfate
concentration remained negligible, showing that the decrease in the tetrathionate
concentration mainly resulted from the diffusion of tetrathionate from the anolyte to the
catholyte. After a tetrathionate-fed MFC was disconnected and operated in open circuit,
the tetrathionate degradation continued, but the degradation rate decreased over time.
This indicates that even if tetrathionate is degraded utilizing alternative electron
acceptors leaking to the anolyte (O, and Fe®*), current flow is required for the efficient
degradation of tetrathionate (Paper IlI).

Tetrathionate was degraded with the degradation rate above 110 mg L* d? in BESs
despite the changes in the anode potential, external resistance or applied voltage (Table
7.3). However, CE remained low (below 11%), indicating that significant amount of the
electrons were directed to alternative electron acceptors, e.g. oxygen and ferric iron,
were consumed for biomass growth or ended up in unmeasured intermediates. The main
reaction product in the bioelectrochemical tetrathionate degradation was sulfate.
Additionally, yellowish precipitation was observed to form in the reactors, which was
presumed to be elemental sulfur. No sulfide or thiosulfate were detected from the anolyte.
The presence of sulfate and elemental sulfur indicate that tetrathionate was degraded
via disproportionation following Equation 12.

S,08 +6H,0 > S°+3S07 +12H" + 8¢ (12)

The theoretical reduction potential of this reaction is 0.069 V vs. Ag/AgCl in standard
conditions (concentrations 1 M, 25 °C) and -0.17 V vs. Ag/AgCl at pH 2.5 and 20 °C.
Besides the direct conversion of tetrathionate to electrical energy, the current generation
may occur via intermediary reaction products, such as sulfide (S%) or thiosulfate (S,03%),
which may remain undetected due to immediate consumption or degradation. The variety
of alternative pathways, the high reciprocal reactivity of sulfur compounds and the
difficulty in quantification of the solid reaction products complicate the determination of
the complete sulfur balance for the tetrathionate-fed reactors.
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In abiotic electrochemical systems, the tetrathionate degradation rate increased with the
increasing anode potential. The measured sulfate concentrations indicate that
tetrathionate was directly degraded to sulfate following Equation 13.

S,0% +10H,0 > 4S07 +20H" + 14 e (13)

The direct electrochemical oxidation of tetrathionate to sulfate was proposed as the
reaction mechanism also in previous studies, which report tetrathionate to be formed as
an intermediate in electrochemical oxidation of thiosulfate (Feng et al. 1995, Ragauskas
et al. 2003). Feng et al. (1995) reported tetrathionate oxidation to proceed at anode
potential of 1.4 V vs. Ag/AgCI.

Table 7.3: Current density, tetrathionate degradation rate and coulombic efficiency in
electrochemical systems at applied anode potential or applied voltage. The controlled
parameter (anode potential or voltage) is marked with an asterisk.

Reactor EA? APP Voltage CD¢ D(S406%)¢  CEa® Ref
V vs. Ag/AgCl \Y mAm?2 mglLtd? %

MEC Fed* 0.3* n.m. 3 110 0.3 Paper 11l
Fes* 0.35* n.m. 25 120 5.7 Paper Il
Fes* 0.4* n.m. 70 160 7.1 Paper Il
Cu® 0.57 0.2* 15 170 <1 Paper IV
Cu? 0.76 0.5* 55 155 5 Paper IV
Cu? 0.97 0.75* 170 150 14 Paper IV
Cu® 1.16 1.0* 490 155 34 Paper IV
Cu® 1.20 1.2* 900 165 54 Paper IV
Cu? 1.15 1.5% 2280 160 140 Paper IV

EC Fes* 0.6* n.m. 4 20 1 Paper Il
Fe3* 0.8* n.m. 115 30 20 Paper Il
Fed* 0.9* n.m. 315 35 48 Paper IlI
Cu? 0.56 0.2* <5 20 <2 Paper IV
Cu® 0.72 0.5* 65 25 18 Paper IV
Cu? 0.85 0.75* 270 35 47 Paper IV
Cu? 1.03 1.0% 810 40 80 Paper IV
Cu? 1.11 1.2* 1290 140 71 Paper IV
Cu® 1.17 1.5% 2100 190 75 Paper IV

2 cathodic electron acceptor, ® anode potential, ¢ average current density, ¢ tetrathionate
degradation rate, ® anodic coulombic efficiency, n.m. not measured

When the anode and cathode chambers were separated with an anion exchange
membrane, some of the tetrathionate and formed sulfate may have leaked from the
anolyte to the catholyte. However, the anode electrode is positively charged and attracts
the negative ions from the solution, which may have limited the diffusion of the anions
from anode to cathode.
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As sulfate was produced as the main reaction product in both bioelectrochemical and
electrochemical systems, the sulfate concentrations increased in the anolyte solution up
to several grams per liter. The recommended maximum concentration for sulfate in
drinking water is 250 mg L' (WHO 2011). Therefore, also the sulfate should be removed
from the treated waters before their release to the environment. Efficient methods for
sulfate removal were presented in Chapter 2.4.2. Sulfate can be reduced to higher sulfur
compounds, for example, with the assist of sulfate reducing bacteria, even in BESs (Teng
et al. 2016, Zhao et al. 2008).

7.4 Cathodic electron acceptors

For spontaneous electricity production, the reduction potential of the cathodic reaction
should be higher than the reduction potential of the anodic reaction. Cathodic electron
acceptors tested in this study were oxygen (aerated phosphate buffer), ferric iron (Fe3*)
and copper (Cu?).

7.4.1 Oxygen and ferric iron

Oxygen is often used as the electron acceptor in bioelectrochemical and electrochemical
systems, because it has a high reduction potential (E° = 1.03 V vs. Ag/AgCl) and because
it is readily available from air. The suitability of oxygen to be used as the electron
acceptor for bioelectrochemical tetrathionate degradation was tested by using aerated
phosphate buffer as the catholyte solution. However, the cathode potential and thus also
the cell voltage remained low (Paper I). The low solubility of oxygen to water at room
temperature (Weiss 1970) may have limited the availability of oxygen on the cathode
electrode surface. In addition, no catalyst, which could have increased the oxygen
reduction rate, was used on the carbon-based electrode surface.

Ferric iron has been reported to be efficient cathodic electron acceptor for BESs due to
its high reduction potential (0.64 V vs. Ag/AgCl at pH 2) (Kumar et al. 2017b, ter Heijne
et al. 2007). In this study, the cathode potential in the electrochemical systems with ferric
iron catholyte was measured to remain above 0.55 V vs. Ag/AgCI. Ferric iron was thus
found to be an efficient cathodic electron acceptor and it was used as the electron
acceptor in tetrathionate-fed MFCs.

In mining environments, iron-oxidizing microorganisms often oxidize ferrous iron to ferric
iron and both forms of iron are thus found from mining waters. Such iron-oxidizing
microorganisms can also be utilized in the regeneration of the iron catholyte. ter Heijne
et al. (2007) demonstrated that At. ferrooxidans oxidized electrochemically generated
ferrous iron back to ferric iron on the cathode of an electrochemical system by using
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oxygen as the electron acceptor. Similar cathodic iron regeneration, which enabled more
stable electricity production, was observed in one tetrathionate-fed MFC (Paper II).

7.4.2 Copper

RISC containing mining waters often have also elevated metal concentrations. Metals
can be recovered with electrochemical systems by using the metal ions as the electron
acceptors at the cathode. By using metals ions as the cathodic electron acceptors for
the bioelectrochemical RISC degradation, both of these environmentally harmful
compounds could be removed from the water streams simultaneously. In addition,
metals could be recovered in pure elemental form.

With organic substrates, copper has been spontaneously recovered in BESs while
generating electrical current (Tao et al. 20114, ter Heijne et al. 2010, Wang et al. 2010a).
Copper was tested as the cathodic electron acceptor in MFCs fed with tetrathionate
(Paper 1), but no electricity production was observed. The theoretical reduction potential
of copper is 0.135 V vs. Ag/AgCI, which is lower than the determined minimum anode
potentials for bioelectrochemical and electrochemical tetrathionate degradation. External
voltage is thus required to combine tetrathionate degrading anode to copper reducing
cathode.

The effect of applied external voltage on current generation, tetrathionate degradation
and copper removal was studied in Paper IV. External voltage of above 1.0 V was
required to decrease the cathode potential below the theoretical reduction potential of
copper in both bioelectrochemical and electrochemical systems, but at high applied
voltages, copper was efficiently removed from the solution. At applied voltage of 1.5 V,
99.9% of the copper was removed in 7 days. The maximum copper removal rates were
440 mg L* d?in MEC and 450 mg L* d? in EC. After 9 days of operation, the cathodic
copper concentration had decreased below 0.3 mg L, which is the set limit for mining
effluents (EPA 2011). The reddish brown color of the precipitate on the cathode electrode
indicates that copper was electrodeposited the surface of the cathode electrode in
elemental form.

7.5 Perspectives and limitations

The applicability of RISC-degrading (bio)electrochemical systems can be limited by low
concentrations of RISCs in stored mining waters. Tetrathionate is relatively stable in
acidic conditions even in the presence of oxidizers such as O, or Fe®* (Druschel et al.
2003), but mining waters often contain sulfur-oxidizing microorganisms, which oxidize
RISCs efficiently in both aerobic and anaerobic conditions. Therefore, the concentrations
of RISCs are often low in water streams stored for extended periods. The
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(bio)electrochemical treatment is thus applicable only for fresh sulfide mineral process
water streams, in which the dissolved oxygen has been consumed.

The (bio)electrochemical degradation of tetrathionate reduces the chemical oxygen
demand of the treated water, but leads to release of acidity and sulfate. Therefore, the
(bio)electrochemical treatment does not purify the water per se, but enables the recovery
of part of the chemical energy stored in RISCs as electrical energy. In addition, when the
RISCs are oxidized in a controlled environment, the water streams can be more easily
neutralized than environmental waters. The results indicate that (bio)electrochemical
treatment at its current stage can not replace the current methods used for mining water
treatment. However, the integration of (B)ESs to the existing mining water treatment
processes could reduce the energy requirements. The ideal position for the (B)ESs in
the process flowchart should be determined for each mining or mineral processing site
individually.

No previous studies have addressed the electricity production with BESs using inorganic
substrates at low pH typical for mining waters. One significant drawback of acidophilic
BESs as compared to neutrophilic BESs is the higher theoretical reduction potential of
the anodic reaction (Equation 7), which leads to lower obtainable cell voltage. However,
high acidity is correspondingly enhancing the cathodic reduction reaction. With
acidophilic BESs, the pH gradient over the membrane separating an acidic cathode and
the anolyte, and thus also the voltage loss caused by the pH gradient, can be decreased.
Moreover, the high proton concentration increases the conductivity of the anolyte
solution, thus decreasing the internal resistance of the system.

This study shows that RISCs can be used as substrates for bioelectricity generation, but
the obtained current and power densities remained lower than in BES degrading organic
compounds (Pandey et al. 2016). However, the electricity production efficiency of RISC-
fed BESs may be enhanceable by optimization of the reactor design and the materials.
The determination of the reaction pathway can also assist in identification of the factors
limiting the electricity generation and thus help in construction of efficient cells for
electricity production.

Copper has a relatively high reduction potential and it can thus be recovered with
(bio)electrochemical systems with no or low external energy. However, most of the
metals mined in high quantities (e.g. Ni, Co and Zn) have theoretical reduction potentials
below 0 V vs. NHE (Table 3.1), which means that more external energy is required for
their electrochemical reduction. However, the differences in the reduction potentials
enable selective recovery of metals from multimetal streams with systems operated with
different cathode potentials (Luo et al. 2014, Modin et al. 2012).
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The treatment of industrial water streams would require reactors suitable for treating high
volumes of water efficiently. However, scaling up of bioelectrochemical systems has
been challenging (He et al. 2017). The increasing distance between anode and cathode
electrodes combined with low solution conductivity increase the internal resistance,
which decreases the obtainable power. In addition, the composition of the process water
stream and the operation conditions may vary periodically. Further studies are required
to develop efficient electricity production from real process waters and in upscaled
reactors.

67



68



8 Conclusions

This study shows that reduced inorganic sulfur compounds from acidic water streams
can serve as substrates for current generation in bioelectrochemical and electrochemical
systems. In paper |, tetrathionate was demonstrated for the first time to be a suitable
substrate for bioelectrochemical electricity production. With ferric iron as the cathodic
electron acceptor, maximum current and power densities obtained in the performance
analysis were 433 mA m? and 17.6 mW m2, respectively. The microbial community,
which originated from mining waters, was dominated by species closely related (299.5%)
to Acidithiobacillus spp. and Ferroplasma spp.

The optimization of the external resistance increased the electricity production
efficiencies in tetrathionate degrading MFCs (Paper IlI). The average current density
during operation increased from 80 mA m2 to 225 mA m2 when the external resistance
was decreased from 1000 Q to 100 Q. Long-term operation (Paper Il) showed that the
electricity production efficiency significantly improved over time. Electricity production
was not limited by reaction product accumulation (H* and SO4?) or biofouling even after
over 740 days of operation.

In paper lll, it was demonstrated that tetrathionate is a suitable substrate also for abiotic
electrochemical systems, but the efficient current generation requires an anode potential
above 0.7 V vs. Ag/AgCIl. When the anode potential was controlled, the tetrathionate
degradation rates remained lower (below 35 mg L d?) in the electrochemical system
than in the bioelectrochemical system (above 110 mg L* d?). However, in
electrochemical systems the chemical energy of tetrathionate was converted more
efficiently to electrical energy.

This is the first study to show that, by applying external voltage, tetrathionate degradation
can also be combined to the electrochemical reduction of copper. This enables the
simultaneous removal of both of these environmentally harmful compounds, for example,
from mining water streams (Paper V). Efficient copper reduction required an applied
voltage above 1.0 V in both bioelectrochemical and electrochemical systems. With
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applied voltage of 1.5 V, the tetrathionate and copper concentrations decreased below
the set limits for toxicity or effluent discharge after 9 days of (bio)electrochemical
treatment.

Mining waters that have been exposed to oxygen and/or sulfur-oxidizing microorganisms
contain little or no reduced inorganic sulfur compounds. Therefore, the RISC-degrading
(bio)electrochemical systems are suitable only for the treatment of fresh mining process
waters, in which the sulfur compounds have not been yet oxidized to sulfate.
Nevertheless, (bio)electrochemical systems can be used to convert part of the chemically
bound energy of mining waters to electrical energy, while simultaneously lowering the
risks of oxygen depletion and uncontrolled acidification.

Overall, both bioelectrochemical and electrochemical systems were found efficient for
the electrochemical degradation of tetrathionate. In bioelectrochemical systems,
tetrathionate was degraded spontaneously and electricity was produced when ferric iron
was used the cathodic electron acceptor. The tetrathionate degradation rates remained
high when the systems were operated as MFCs and when external potential or voltage
was applied. Abiotic electrochemical systems for tetrathionate degradation seem
practical for applications, where low-cost external power is available. In addition, abiotic
systems can be operated without providing nutrients and operation conditions essential
for the electroactive microbial community. Altogether, (bio)electrochemical systems
seem promising for the removal of reduced inorganic sulfur compounds at remote mining
environments. The substrate, microbial catalyst and the cathodic electron acceptor (e.g.
ferric iron, metals) are all often present in mining waters and the external input required
remains thus low.
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9 Recommendations for further research

This study provides the proof-of-principle for (bio)electrochemical degradation of
tetrathionate. The conducted studies generated basic knowledge related to the
bioelectrochemical and electrochemical degradation of tetrathionate. Further studies are
required to determine significance and applicability of the processes and to investigate
the possibilities to improve the efficiencies of the systems.

In bioelectrochemical systems, the pathway for tetrathionate degradation should be
confirmed. The reaction products indicate that tetrathionate was degraded via
disproportionation, but the stable tetrathionate degradation rates at varying anode
potentials indicate that the degradation reaction was not directly associated with the
anode electrode. No sulfide or thiosulfate were detected from the anolyte, but the
involvement of these or other indigenous mediators in the current generation is still to be
clarified and all the sulfur compounds present in the anolyte and catholyte should
analyzed to obtain the complete sulfur balance of the system. In addition, the microbial
species responsible for the electricity generation should be verified. Acidithiobacillus spp.
and Ferroplasma spp. were identified from bioelectrochemical systems, but in
preliminary tests with pure cultures of the type strains of Acidithiobacillus ferrooxidans
and Ferroplasma acidiphilum, no electricity production was obtained, which indicates
that the electricity producing microorganisms differ from the tested strains phenotypically
and/or genotypically. Further studies are required to determine the roles of the microbial
catalysts.

Ferric iron is an efficient electron acceptor and iron catholytes have been successfully
regenerated with the assist of iron-oxidizing microorganisms in organic
bioelectrochemical systems. In this study, unintentional iron regeneration was observed
to occur also in one tetrathionate-fed MFC, but its full utilization was out of the scope of
this study. Therefore, further studies should be conducted to determine the requirements
for the efficient iron regeneration in acidic RISC-fed bioelectrochemical systems. The

71



tetrathionate degradation, ferric iron reduction and copper reduction were studied only
with carbon paper as the electrode material. The possibility to enhance the current
generation by using alternative electrode materials should be tested. However, the
selected materials should be inexpensive in order to maintain the total expenses at a low
level.

To disclose the suitability of the RISC-degrading (bio)electrochemical systems for the
treatment of real mining waters, the RISC content of several mining process and
wastewaters needs to be systematically analyzed. The toxic effects of compounds
typically found from mining waters (e.g. heavy metals) on the current generation in
bioelectrochemical systems should also be determined. After identification of suitable
mining water stream, electricity production with real mining water as the substrate needs
to be studied.

The external voltage required for the simultaneous removal of tetrathionate and copper
was above 1.0 V. The possibility of using a renewable energy, for example, a solar cell,
to power the tetrathionate degrading copper reducing bioelectrochemical and
electrochemical systems should be studied. Moreover, in this study the electrochemical
systems have been shown to work efficiently in fed-batch mode in the laboratory scale.
To take a step towards industrial applications, in following experiments the process
should be studied in continuous mode and in upscaled reactors.
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