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Abstract

Electricity is one of the most widely available rfts of energy and can be produced
abundantly and sustainably. Microbial electrosysithas a new research field, in
which renewable electricity can be used to driverobial production processes. This
allows us to produce commodity chemicals by elealiy tapping into the plethora of
useful biofuels and biochemicals microorganismsroake.

Breathing minerals to survive

To understand how microorganisms can use or prodigogrical current, we need to
understand how they deal with electrons. All livimgganisms gain energy by
oxidizing an electron donor and reducing an elecaoceptor, hence life is driven by
electrochemistry. The resulting electron flow, owepotential difference, provides
effective power (Watts) to the organism. Typicallyganisms will use this power to
generate ATP and NAD(P)H, the universal energy aledtron carriers for cells.
Exactly 100 years ago, it was recognized that noiganisms can link this electrical
“circuit” to the outside of the cell — microorgams achieved the reduction of an
electrode (platinum wire) in their environment.the late 80s it was then discovered
that microorganisms effectively manage to transplattrons out of the cell, enabling
them to use solid minerals as electron sink. Thecept of “extracellular electron
transfer” was born.

Extracellular electron transfer (EET) refers to tlasport of electrons in and out of
the cell, in order to support microbial respiratiMost widely studied is the microbial
reduction of solid-state electron acceptors, swglir@ and manganese oxides, and
also electrodes. These mineral conversions areatrioac the biogeochemical cycles
in nature. There are two main strategies for EETlcalled direct and indirect (6).
Direct transport involves membrane associated pratemplexes, predominantly
cytochromes, and potentially also nanowires. Thierdeghave been discovered only
recently, essentially they are conductive pili (f®8”) produced by the cell, in order
to transport electrons from the cell to the minerak an electrode. The cell is indeed
wiring up to its solid electron acceptor. Indiré@nsport involves the production or
use of soluble molecules that can transport thetreles to and from the cell. These
molecules are called “electron shuttles”, and eXxeampre phenazines, humics and
sulfur species. It is important to understand twaile many organisms have the
capability to perform EET, not many are truly swssfal — therefore, assisting
microorganisms by providing them with electron #lest provides a means to



artificially achieve EET. In addition, it has beshown that long term culturing of
mixed populations or pure cultures lead to incrdasgability in electron transfer.
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Figure 1. Overview of the different proposed electtransfer pathways from microorganisms to
electrodes, using organic compounds as electronrd@ells can grow attached to the surface of the
anode, and transfer electrons through membranedboomplexes (orange symbols) to the electrode,
possibly in conjunction with conductive pili/wirethat connect the cell with the anode over longer
distances. Alternatively, cells can reduce an edecshuttle (SH) while being in suspension or not in
direct contact with the electrode. The reducedtih(BH®) is then oxidized at the anode.

From minerals to electrodes

Interestingly, long before the role of EET in bioghemical cycles was
discovered, it was observed that microorganismsictaract with electrodes. The
most studied interaction is that with an anode, r@meicroorganisms can catalyse the
oxidation of organics to carbon dioxide, protonsd &lectrons. Such an electrode is
called a bioanode and if linked to a cathode (whedeiction occurs) a biocatalyzed
electrochemical system is created. As early as ,1B@&fis and Yarbrough used this
concept to develop the “microbial fuel cell”, cafgbf using organic substrate for the
production of electrical power (1). Indeed, linkingicrobial metabolism to a low
potential anode and then conveying the harvestsdrehs to a high potential cathode
generates net electrical power from the microbedainposition of organic matter
(Figure 2A). This concept has gained consideralenentum in the past few years,
due to the interest in microbial fuel cells for emerecovery from wastewater (2).
There are also niche applications, such as elégtgeneration at remote locations,
powered by the microorganisms in marine sediments.

In 2003, microbial electrolysis cells were firstsdabed. If current is applied
to the system instead of extracted, the cathodengiat can be driven sufficiently low
to electrolyse water (Figure 2B). This allows (iydhogen gas to beéndirectly



produced from any organic feedstock and (ii) hy@rogroduction at far lower energy
requirements than conventional electrolysis (3).
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Figure 2. The microbial fuel cell (A) and the microbial electrolysis cell (B). In both cases,
microorganisms catalyse the anode reaction. While for the microbial fuel cell, harvesting power
is the key objective, for the microbial electrolysis cell valuable products (such as hydrogen) are
the desired end product. To achieve the latter, power is in most cases added to the system. C*:
cations; e electrons. Figure redrafted after Rozendal et al (7)

As anodes and cathodes can provide a highly cdaittel source of oxidizing or
reducing power, respectively, they are increasingdgd for the biodegradation of
recalcitrant xenobiotics or nuisance compounds.nipes of cathodic reduction
processes are the removal of nitrobenzene, azqg diteste and perchlorate, while
anodic oxidation was used for the removal of 1¢hitiroethane and sulfur species.

Coming up — Next Generation Bioelectrochemical Sysins

Based on the microbial fuel cell and microbial &lelgsis cell concepts, a
number of bioelectrochemical production processe®wecently put forward. An ion
selective membrane typically separates the anodeahode. In most cases, a cation
exchange membrane is used, allowing cations teltf@a@m anode to cathode while
anions (like acetate) are retained in the anodealé/gbout one proton is produced for
every electron going in the electrical circuit, theare at present no membranes that
can transport only protons towards the cathode.crbss-over of other cations such
as sodium causes decreasing pH in the anode, angb@ing pH in the cathode.
Recently, this was exploited to produce alkalintutsans at the cathode (5). This
would enable (mainly industry) to produce caustit site, using the organics
available in the wastewater as driver. As a sidecef cations such as sodium and
potassium are removed from the wastewater, leaiiigwer salt discharges in the
environment. Similarly, the observation that oxygeduction at cathodes often leads
to hydrogen peroxide formation has now enabledvapr@cess for the production of
peroxide, from wastewater. It can be expected thathole range of microbial
production processes, driven by bioelectrochentoalent generation, evolve in the
coming years.

Coming up — Microbial Electrosynthesis



Non-fossil fuel based production of fuels and cleadsi is critical to their future

supply. We point out two key aspects of importance:

(i) Electricity can now be produced virtually anywheie,a sustainable manner.
However, electricity is difficult to store at higlensity.

(i) Microorganisms can use a tremendous variety ofrocgar inorganic electron
donors to produce a plethora of attractive biofeelbiochemicals.

Considering the two above points, it is clear #harocess linking electrical current to

product formation is of considerable interest. Tdtiservation has lead to a new field

of research: microbial electrosynthesis. This fiektdresses the use of

microorganisms as catalysts on cathodes (i.e.,aliiodes) to achieve electricity

driven synthesis of chemicals and fuels. Recertthg first study linking solar

electricity to product formation, starting from g@as published (4).

While not always labelled this way, microbial eleslynthesis has been around for
several decades. The first demonstration involvesl use of electrical current to
increase the glutamic acid yield during fermentatd glucose. Since then, the use of
electrical current to modify fermentation pathwdyss been the main focus. For
example, butanol or propionate was produced at ehnighields during glucose

fermentation when electrical current reduced theliom. In most cases, the link
between the electrode and the microorganisms wablestied by adding a mediator,
such as methyl viologen. The question, though,hsther electrons were effectively
transported inside the cell, or NADH regeneratioaswampered by the provided
reducing power. In depth analysis of microbial rbetsm and physiology in this

context is warranted.

Rather than modifying fermentation pathways, Gregk#s’ group used electrical
current as the sole driver of microbial respiratibar example, they reduced fumarate
to succinate at high efficiency by providingctinobacillus succinogenes with
electrical current and neutral red as electrontkhu€athodes can, as supplier of
electrons, be compared with hydrogen gas as efedamor. A wide range of
microbial conversions driven by hydrogen, suchiapddymer production from C§
and reduction of fatty acids to alcohols, are canitio the picture.

New perspectives for old processes.

Microbial electrosynthesis has been a dormant fietdseveral decades. Pivotal for
the development seen in the past few years werdisigeveries that microorganisms
can directly transfer electrons to electrodes, they develop multilayered structures
(biofilms) and that they improve over time when gedy enriched. In the slipstream
of the microbial development, improved reactor gesiand the use of new materials
have enabled developing microbial fuel cells andrabial electrolysis cells to pilot
stage. While several hurdles are yet to be overcanmappears that this technology
will find its way to the market in the coming yeaiihe development of microbial
electrosynthesis will benefit strongly from theselustrial applications. The main
hurdle today is again microbiology. The pathways ébectron transfer towards
microorganisms are poorly understood, and alsoirigact of material structure
(topography) and properties (functional groups,rgbadensity) needs considerable
attention by researchers. Once a suitable interfaeveen the cathode and the
microorganisms is established, the existing teabmokan quite easily be adapted for
this bioproduction.



One particularly interesting development will be tthirect link between solar power
and bioproduction. Microbial electrosynthesis pipadly allows producing biofuels
and biochemicals directly on site from solar powdence, a method is created to
generate valuable products, storing the solar pawdrmaking it transportable due to
the high energy density that can be achieved. Baseghergy densities of microbial
photosystems and engineered solar technology, ptioduyields per hectare per
annum are potentially an order of magnitude highan the existing alternatives such
as algal fuels and particularly plant-based bigfu€lonversely, this development may
boost the installation of solar panels, particylart remote areas from which at
present the transport of electricity is economycatht feasible.
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