Not only is water'the source of all life, but it is also essential for economic, social, and
environmental development. Global water usage has increased sixfold over the last 100
years and continues to grow. The United Nations has produced the 2030 Agenda, which
has been adopted worldwide, with the Sustainable Development Goal to "guarantee the
availability of water and its sustainable management and sanitation". In this context,
nature-based solutions can provide alternatives for wastewater treatment. An example
of this is constructed wetlands.

Microbial electrochemistry is an emerging discipline devoted to study the interaction
between microorganisms and electrically conductive materials. The most applied
version is represented by Microbial Electrochemical Technalogies (METs). These
systems take advantage of the mechanism of extracellular electron transfer (EET). EET
allows electroactive bacteria to convert chemical energy, stored in water pollutants,
into electrical current. One of the most impactful MET applications is the METland®. This
MET-based solution constitutes the integration of electro-conductive granular material
in constructed wetlands to effectively outperform their bioremediation.

METlands are an environmentally friendly solution that minimize operation and
maintenance costs, allowing effective wastewater treatment in decentralized locations.
This thesis explores the technology and science that underpins those METland® in order
to understand and optimize their electrobioremediation capacity.
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Introduction

1.1 Nature-based solutions

The term nature-based solutions (NbS) were coined in the European
Union and is an umbrella term for different approaches that use nature to
improve urban sustainability, like green infrastructure, green space, restoring
rivers, ecosystem services, and ecosystem-based adaptation. For the European
Commission, nature-based solutions are defined as: “solutions that are inspired
and supported by nature, which are cost-effective, simultaneously provide
environmental, social and economic benefits and help build resilience. Such
solutions bring more, and more diverse, nature and natural features and
processes into cities, landscapes and seascapes, through locally adapted,
resource-efficient and systemic interventions’. For the International Union for
the Conservation of Nature, a non-governmental organization that promotes
nature conservation, nature-based solutions are: ‘actions to protect,
sustainably manage, and restore natural or modified ecosystems, that address
socletal challenges effectively and adaptively, simultaneously providing human
well-being and biodiversity benefits”. While these two definitions vary, both see
that nature-based solutions seek to use the properties of nature to address

societal challenges ( ).

It is now widely recognized that human activities have reached a level that
could result in abrupt and, in some cases, irreversible environmental changes
detrimental to human development. Societies face increasing challenges such
as climate change, jeopardized food security and water resource provision, and
enhanced disaster risk. In the face of climate change and increasing
environmental pressures, sustainable development has become a strategic
issue for cities in Europe and around the world. No longer a "nice to have"
addition to development as usual, sustainability is now central to the response
to climate change and in enabling growth, security and social well-being. This
new framework is focused on the integration of nature-based solutions in the
built environment ( ). In contrast to conventional urban development

solutions, nature-based actions offer simultaneously a wide range of
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sustainability benefits. As most towns and cities have limited spaces for green
planting more research is needed to understand the specific urban ecosystem
service benefits to justify their maintenance and expansion. Integration of green

and grey infrastructures is key for nature-based urban solutions (Eggermont et al., 2015;
Faivre et al., 2017).

Figure 1.1. Nature-based Solutions as an umbrella term for ecosystem-related

approaches.
1.1.1 Origins of nature-based solutions

Although the term nature-based solutions were recently coined, as early
as the 1970s the idea of environmental or ecosystem services began to establish
itself in the modern scientific literature. By the 1990s it was generally realized
that a more systematic approach was required to document and understand this
relationship between people and nature. The 2005 Millennium Ecosystem
Assessment, itself a product of this growing awareness, provided a strong
evidence base for subsequent policies to promote the conservation, restoration,
and sustainable management of ecosystems while also taking into account the
increasing demands placed on ecosystem services (Millenium Ecosystem

Assessment, 2005). A few years later, during the late 2000s, the term Nature-

20



Based Solutions emerged, marking a subtle yet important shift in perspective:
not only were people the passive beneficiaries of nature’s benefits, but they
could also proactively protect, manage or restore natural ecosystems as a
purposeful and significant contribution to addressing major societal challenges.
The emergence of the NbS concept in environmental sciences and nature
conservation contexts came as international organizations, such as IUCN and
the World Bank, searched for solutions to work with ecosystems rather than
relying on conventional engineering interventions, to adapt to and mitigate
climate change effects, while improving sustainable livelihoods and protecting

natural ecosystems and biodiversity

On 06 May 2019, the most comprehensive global assessment on the state
of biodiversity to date reconfirmed how natures unprecedented decline is a
global emergency on par with climate change .As a
result of that assessment, the EU took its boldest action to fight planetary
degradation. To reach the new 2030 Sustainable Development Goals (SDGs) is
required a significant increase in eco-system-based mitigation. The EU and its
Member States are committed to achieving the SDGs by 2030, including targets
on climate action and protecting life on land and at sea. The implementation of
these goals is highly interdependent, not least as climate change is a direct
negative driver of ecosystem change with important knock-on effects on human
well-being . The degradation of land and marine
ecosystems worldwide already undermines the well-being of at least 3.2 billion
people and costs about 10% of the annual global GDP in the loss of ecosystem

services.

The 2030 global and EU commitments for sustainable development,
climate action and biodiversity all point to the urgent need for ecosystem
restoration. NbS at different scales can provide cost-effective, win-win
solutions by providing employment, and multiple public health and wellbeing

benefits



1.1.2 Operational parameters for nature-based solutions

Although the operational parameters for NbS have not been officially
detailed today, many works coincide with the need to define a robust operational
framework and standard that can be used to assess any NbS intervention. There
has been some work already undertaken in the identification of these candidate

parameters, being the ones listed below

Ecological complexity. This parameter supports interventions that
would maintain or promote complexity at different ecological scales.
Long-term stability. This parameter would support interventions that
can persist over many years.

The scale of ecological organization. This parameter would support
implementation at a scale that helps mediate the upstream and
downstream relationships, dependencies and benefits.

Direct societal benefits. This parameter would support the delivery
of an attributable and substantial stream of direct societal benefits.

Adaptive governance. This parameter would ensure that the NbS
intervention and the ecosystems on which it depends are supported
by institutional and decision-making arrangements that can be
flexible enough to adapt over time, to meet the changing needs of the

people who manage and rely on these ecosystems.
1.1.3 Nature-based solutions for climate change mitigation

Climate change is one of the most pressing challenges confronting
humanity today. Depending on how the worlds ecosystems are managed, they
can either contribute to the problem or provide effective Nature-based Solutions
for climate change mitigation and adaptation.

First, NbS in the form of ecosystem-based mitigation can prevent the
degradation and loss of natural ecosystems. Deforestation and forest
degradation, for example, release an estimated 4.4 Gt of CO2 per year into the
atmosphere , or around 12% of
anthropogenic CO: emissions . Avoidance of

these emissions, through better conservation and land management actions, is



a powerful intervention that can make a significant contribution towards global
mitigation efforts.

Second, natural and modified ecosystems can also make contributions in
combating climate change through their function as a natural carbon sink by
absorbing and sequestering CO: emissions. Conservation, restoration, and
sustainable management of forests, wetlands, and oceans thus play a critical
role in the healthy functioning of the carbon cycle and the balanced regulation
of the planets climate

Finally, in addition to providing these direct mitigation benefits, NbS can
also help vulnerable communities, especially those who depend on natural
resources, to better adapt and become more resilient to the adverse effects of

climate change
1.1.5 Nature-based solutions for water management

Growing urban populations around the world are causing rising demand
for water. Concurrently, changing climate is increasing extreme events in cities,
from drought to floods, with severe social and economic consequences. New
demands on solutions for water security are emerging in a global context where
about four billion people (60 percent of the world’'s population) live in regions
with a state of near-permanent water stress. One in four large cities already
faces water stress, and water demand is projected to increase 55% by 2050.
Also, water stress is exacerbated by pollution; some 80-90% of all wastewater
in developing countries is discharged directly into surface water bodies, creating
severe risks for human health Applying NbS by harnessing the
water-related services of natural infrastructure, such as forests, wetlands, and
floodplains will help combat the risk of the water crisis, particularly in the face

of future climate stresses



1.2 Wastewater treatment
1.2.1 The water problem: shortages in the future

Water is at the core of sustainable development and is critical for socio-
economic development, energy and food production, healthy ecosystems and for
human survival itself. In these first decades of the 21st century, the availability
and sustainability of water resources face great threats. Thus, in many areas,
water resources are being affected by the climatic evolution of the planet,
characterized by important alterations in the distribution, duration and intensity
of rainfall, and a generalized rise in temperature. The occurrence of these
phenomena is generating serious negative impacts on water resources. These
include sharp declines in net water reserves, as well as degradation and loss of
quality. If the climatic effects are added to the other great threats that look over
water resources, which are the increase in demand and the deterioration of
water quality due to pollution and overexploitation -which can be especially
critical in some areas of the world-, we are in a water emergency situation. It is
urgent and essential that we approach the challenge of managing water
resources from a holistic approach, making correct use of all available tools.

If we put figures to the aforementioned, according to the United Nations,
water consumption has doubled in the last 50 years, 2600 million people lack
access to basic sanitation, which represents 40% of the world's population, and
497 million people in cities depend on shared sanitation, a figure that has
doubled since 1990. But it doesn't stop there. The WHO affirms that the water
source must be located no more than 1,000 meters from the home and, however,
millions of people in the world must walk up to 6 hours a day to collect water
for domestic use. In addition, according to the UNDP (United Nations
Development Programme) , the cost of water
should not exceed 3% of the income of the family unit, but the reality is that poor
countries pay up to 50 times more for a litter of water than their richer
neighbors, because they have to buy the water from private sellers. Looking
ahead, there isn't a much more hopeful outlook. Current statistics from the

United Nations World Water Development Report 2018 indicate that global water



demand has been estimated at around 4,600 km3/year and is projected to
increase between 20% and 30% (from 5500 to 6000 km3/year) by 2050
. The same report indicates that global water use has increased
six times in the last 100 years and continues to grow steadily
at a rate of approximately 1% per year. Much of this growth can be attributed to
a combination of population growth, economic development and shifting
consumption patterns. Agriculture currently accounts for 69% of global water
withdrawals, which are mainly used for irrigation but also include water used
for livestock and aquaculture. Industry (including energy and power generation)
accounts for 19%, while municipalities are responsible for the remaining 12%.
That is why water has been included in the Sustainable Development
Goals (SDGs) or Global Goals. SDGs are a collection of 17 interlinked global goals
designed to be a "blueprint to achieve a better and more sustainable future for
all” . The SDGs were set up in 2015 by the United Nations
General Assembly and are intended to be achieved by the year 2030. The Goal
related to water is the 6 and is: Ensure availability and sustainable management
of water and sanitation for all. The targets cover all aspects of both the water
cycle and sanitation systems, and their achievement is designed to contribute to
progress across a range of other SDGs, most notably on health, education,

economics and the environment.
1.2.2 Types and pollutants in wastewater

FAO defines wastewater as: Water that has no immediate value for the
purpose for which it was used or for the purpose for which it was produced due
to its quality, quantity or when it is available. However, one user's wastewater
can serve as a supply for another user elsewhere. Cooling water is not

considered wastewater.
Types of wastewaters
It is important to know the different types of wastewaters to carry out the

correct treatment ( ). The different types of wastewaters are included in

the European Directive 91/271 CEE. In this regulation, three types of wastewaters



are distinguished according to their origin. Types of wastewaters

Domestic wastewater: This class of wastewater are originated in homes

and is essentially produced by human metabolism and by activities carried out

in the domestic environment. These, in addition, can be subdivided into:

Black Waters: they are characterized by being waters that are

transported from urine and the toilet.

Gray Waters: they are characterized by being soapy waters that can
contain fats, coming from the shower, tub, sink, dishwasher, laundry

room and washing machine.

Urban wastewater: these waters are characterized by being liquid waste

from an urban conglomerate, of which it has domestic and industrial activities,

transported by a sewage network.

Industrial wastewater: within this type of wastewater are all those that

have been discharged from a place for commercial or industrial purposes.

Industrial liquid waste: these waters are characterized by coming
from different industrial processes; therefore, their composition
varies according to the type of industrial process and even for the
same industrial process, likewise its different characteristics can be

determined in different industries.

Agricultural wastewater: these waters are characterized by being
those that come from surface runoff from agricultural areas and are
characterized by the presence of pesticides, salts and a high content

of suspended solids.
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Figure 1.2. Types of wastewaters that can be treated in a METland.

Wastewater pollutants

The composition of wastewater often shows a wide range of variation
between different types of water and is defined by the amount of the physical,
chemical and biological components present in it. Classically they have been

grouped in this way (Wetlands et al., 2013):

Physical: The physical components of wastewater are color, odor, solids, and
temperature.

- Increase or decrease in temperature, from industrial activities that

use water as a coolant. In reservoirs, the water that comes from the

turbines to the river has a lower temperature. If the water

27
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temperature rises, the amount of dissolved oxygen decreases, which

can affect the development of some species.

Radioactive particles. From nuclear power plant cooling circuits and

radioactive waste.

Solid particles in suspension. They can be of different sizes, from

macro- to micro- pollutants.

Chemicals: They include organic and inorganic compounds dissolved or

dispersed in water.
Inorganic pollutants: inorganic pollutants are various products
dissolved or dispersed in water that come from domestic,
agricultural and industrial discharges or soil erosion. The main ones
are chlorides, sulfates, nitrates and carbonates. Also, acidic and
alkaline wastes and toxic gases are dissolved in water such as
oxides of sulfur, nitrogen, ammonia, chlorine and hydrogen sulfide. A
high part of the inorganic fraction is in soluble form, although the
insoluble part in suspended particles form is also significant. Due to
their environmental impact, soluble species are more relevant since
are more mobile and their toxic scope is higher. Among the inorganic

pollutants in water, the following can be highlighted:

- Nitrogen ions. Found in the form of NOs~, NO2", NHs* and organic
N. Nitrites and ammonia are very unstable and tend to oxidize to
nitrate. An excessive load of nitrogenous nutrients in basins
sloping to lakes or reservoirs can cause eutrophication of the
same, or in rivers with the possible incidence of groundwater.

They are generally indicators of agricultural pollution.

- Cyanide ions. Their presence in water always indicates
industrial-type  contamination, usually coming from
electroplating, blast furnaces and coking plants. Its toxicity is

very high.



- Sulfate ions. Pollution by these ions is mainly due to the
contribution of rain (acid rain) and causes acidification of the

aquatic environment, causing serious alterations to its life.

- Heavy metals. Although many of the metallic elements are
necessary for the development of living organisms, when they
exceed a certain concentration, they can be harmful. Many of
these elements have an affinity for sulfur, thereby attacking the
bonds that make up this element in enzymes, causing it to be
immobilized. Others, such as cadmium, copper, or lead (in ionic
form) form stable complexes with amino and carboxylic groups,
hindering transport processes through cell walls. Heavy metals
are a major global problem. This problem is related to its
persistence in the environment, and the consequent

accumulation factor.

Organic pollutants: an organic compound refers to a wide group of
chemical compounds that have in common the fact that carbon is
always involved in their composition. They are the compounds of
carbon, although carbon itself must be excepted in its different
forms, its oxides, carbonic acid and its salts, carbides, cyanides and
some other carbon compounds that are completely inorganic.
Organic pollutants are also compounds dissolved or dispersed in
water that come from household, agricultural, industrial wastes, and
from soil erosion. They are human and animal waste, from
slaughterhouses, from food processing for humans and animals,
various industrial chemicals of natural origin such as oils, fats, tars
and dyes, and various synthetic chemicals such as paints, herbicides
and insecticides. Organic pollutants consume dissolved oxygen in the
water and affect aquatic life.
- Pesticides are worth highlighting among the organic pollutants.
These are agents that fight organisms that attack food and other
essential materials for human beings, for which they have a

phytosanitary, livestock, domestic, environmental use, in the



food industry and even in personal hygiene. Many of them have
a synthetic origin are hardly biodegradable by microorganisms,
if we also take into account their wide toxicity with organisms,

we will realize the importance of their control.

Biological: among the main biological pollutants in water we find different
pathogens, such as bacteria, viruses, protozoa and parasites that come into
contact with water and that come mostly from organic waste.
Viruses are among the most important and potentially most
hazardous pollutants in wastewater. They are more resistant to
treatment, more infectious, more difficult to detect, and require

smaller doses to cause infections.

For bacteria, they are the most common microbial pollutants in
wastewater. They cause a wide range of infections, such as diarrhea,

dysentery, skin and tissue infections.

In recent years, the development of new and more sensitive analysis
methods has made it possible to detect the presence of other contaminants,
potentially dangerous, globally known as emerging. Emerging pollutants are
defined as previously unknown or unrecognized pollutants whose presence in
the environment is not necessarily new, but concern about its possible
consequences. Another peculiarity of these compounds is that, due to their high
production and consumption, and the consequent continuous introduction of
them into the environment, they do not need to be persistent to cause negative
effects . The list of emerging contaminants includes a
wide variety of everyday products with both industrial and domestic
applications. Some examples are detergents, pesticides, drugs, or
microplastics.

Several parameters are used to measure contamination ( ). The

most common are

COD (Chemical Oxygen Demand) and BODs (Biochemical Oxygen
Demand after five days): quantify the amount of matter organic

present in wastewater, measured in the form of mg 0:/l. These



parameters are a measure of the impact that the discharge on the

oxygen levels of the receiving channel.

- Suspended Solids (SS): quantifies the impact of solids in the
receiving channel, whose accumulation gives rise to turbidity and
sludge formation.

- Total Nitrogen (NT) and Total Phosphorus (PT): the measure of
nutrients responsible for eutrophication (excessive growth of algae

and other plants) of the receiving channel.

parameters are used to measure contamination

Parameter Optimal Effects on aquatic Sources
values for life ecosystems
General Temperature <30°C Increased Deforestation
condictions metabolic rate Refrigeration
Toxic potentiation Reservoirs
pH 6-8 Acidification Acid rain
Mines
Industry
Suspended solids <50 mg/L Low light Deforestation
penetration Mines
Mechanics Grave
Clogging Industrial
agriculture
Salts <1 %o Internal osmotic Salt mines
pressure Water
softeners
Organic Oxygen >5 mg/L Low oxygen Leaves trees
matter BOD <5 mg/L BO[_J increas_e ) Urban )
Toxic potentiation Industrial
cop <30 mg/L Eutrophication Slurry
Nutrients Phosphorus <0.02 mg/L Eutrophication Urban
; Excessive algae Industrial
Nitrogen <10 mg/L growth Slurry
Diffuse sources
Toxics Metals < ug/L Lethal / Sublethal Industrial
Pesticides Bipaf:cumulation Pass_ive )
Eliminate coatings, paints
Organic competition / Pest control
micropollutants predators
Solvents

1.2.3 Wastewater treatment in small urban communities

On many occasions, urban wastewater discharges exceed the dilution and
self-purification capacity of the channels and receiving media, which leads to a
progressive deterioration of their quality, and makes the subsequent reuse of

the water impossible.



Regardless of the origin and characteristics of urban wastewater, it must be

properly treated before its discharge or reuse, to

Protect the ecological status of the receiving environments
(reservoirs, rivers, ravines, aquifers, sea, etc.) from the bulk of

organic pollution from urban wastewater.
Avoid risks to the public health of the population.

Produce effluents with physical, chemical and microbiological

characteristics suitable for reuse.

The treatment of wastewater generated in small towns continues to be a
pending issue, the solution of which has been postponed over time, by
prioritizing (logically) the purification of discharges generated in large and
medium-sized cities. When talking about small-scale wastewater treatment, it

is necessary to emphasize two concepts, in line with Directive 91/271 / EEC

We are not talking about towns, but about urban agglomerations,
understanding by urban agglomeration: the area whose population
and/or economic activities present sufficient concentration for the
collection and conduction of urban wastewater to a treatment facility

for said water or a final discharge point.

The population to be treated is not counted according to the nhumber
of its inhabitants, but rather its equivalent inhabitants, which makes
it possible to consider the biodegradable industrial load that will

enter the treatment station.

Regarding what we understand by small urban agglomeration, it has been
agreed to establish the limit at 2,000 equivalent inhabitants, below which the
aforementioned Directive requires that an adequate treatment be applied to
wastewater. Once these premises have been established, it is necessary to take
into account that the treatment of wastewater from small agglomerations
presents a series of conditioning factors, both technical (strong daily and
seasonal fluctuations in the flows and loads to be treated), and economic (not

benefiting from the advantages of economies of scale), which make it necessary



to implement specific treatment solutions that adapt to these conditions
. As a result
of this idiosyncrasy, the following criteria when selecting the type of technology

to apply in small urban agglomerations are recommended:

Adequate for technical and economic resources: technologies that
require simple maintenance. Minimum implementation and operating
costs, regardless of energy consumption, electromechanical
elements and chemical reagents as much as possible. Simplicity in

the management of sludge generated in purification.

Robust systems: treatment systems must be robust, capable of self-
regulating effectively over a wide range of flow rates and loads to

obtain an effluent of sufficient quality.

Environmental integration: the facilities must be adapted to the
environment with the highest environmental integration, even
seeking to provide the added value from an educational, tourist, or

recreational nature point of view.

Actually, for the treatment of urban wastewater in small towns
Conventional and Non-Conventional Technologies installations are used. The
reality confirms that the two types of technologies are valid to purify the
generated discharges, but the reality also shows that, in a small population, due
to the aforementioned characteristics, priority should be given to the chosen
technology robust and low cost of operation and maintenance. The processes
that intervene in non-conventional technologies include many of those that are
applied in conventional treatments (sedimentation, filtration, adsorption,
chemical precipitation, ion exchange, biological degradation), together with
processes typical of natural treatments (photosynthesis, photooxidation,
assimilation by plants) but unlike conventional technologies, in which processes
take place sequentially in tanks and reactors, in non-conventional technologies
is operated at natural speed (without energy input), developing the processes in
a single reactor-system and the energy savings are offset by a greater need for

surface area. However, when installing this type of technology, it must be taken



into account that its "simplicity" of operation and maintenance does not imply
"simplicity" of design, which unfortunately and on many occasions, has been
wrongly assimilated. Not enough attention has been paid to the sizing phase of
the treatment system or the subsequent construction stage. These deficiencies
have been reflected in numerous facilities in which the expected performance

is not achieved

Below, each of the different technologies, both conventional and non-
conventional, that are currently in use to treat urban wastewater generated in

small towns are presented in detail.
Non-Conventional Technologies:

- Those that resort to the use of soil as a purifying element.
Subsurface application systems: filter ditches, filter beds.
Intermittent buried sand filters.

Surface application systems: green filters.

- Those that simulate the conditions of natural wetlands:
Constructed wetlands, in their different forms: free flow and
subsurface flow.

- Those that imitate the natural purification processes that
occur in rivers and lakes: lagoons.

- Those that are based on the filtration of the water to be treated

through a natural carbon: peat filters.

Technologies that present intermediate characteristics between
Non-Conventional and Conventional Technologies:
- Bacterial beds.

- Rotating biological contactors.

Conventional Technologies:

- Prolonged aerations.

In all the systems mentioned above, the elimination of pollutants is

carried out in an orderly and sequential way through different stages, which,



applied in succession, provide an increasing degree of treatment of the water

Pre-treatment: prior separation of as many contaminants as
possible that by nature or size can cause problems later (coarse

solids, sand and floating).

Primary treatment: the main objective is the elimination of settleable

and floating solids.

Secondary treatment: in this case the objective is the elimination of
the biodegradable organic matter dissolved or in colloidal form, as
well as the rest of the solids and part of the nutrients present in the

water.

Tertiary treatment: allows obtaining higher quality effluents, to be
discharged in areas with more demanding requirements. Generally,

the elimination of nutrients and pathogens is sought.

1.2.4 Constructed wetlands as a wastewater treatment system

Wetlands have properties that make them unique among the major
ecosystem groups on Earth. Ample water is important for most forms of
biological productivity, and wetland plants are adapted to take advantage of
this abundant supply of water while overcoming the periodic shortage of other
essential chemical elements, such as oxygen. Because of this, wetlands are
among the most biologically productive ecosystems on the planet. As such,
they are frequently inhabited by jungle-like growths of plants and are home
to a multitude of animals including mammals, birds, reptiles, amphibians, and
fish that are uncommon in other ecosystems. In addition, because wetlands
have a higher rate of biological activity than most ecosystems, they can
transform many of the common pollutants that occur in conventional
wastewaters into harmless by-products or essential nutrients that can be
used for additional biological productivity. These transformations are
accomplished by the wetlands land area, with its inherent natural
environmental energies of sun, wind, soil, plants, and animals. These pollutant

transformations can be obtained for a relatively low cost. Wetlands are one of



the least expensive treatment systems to operate and maintain

We can define Constructed Wetlands (CW) as purification systems in
which the previously mentioned pollutant elimination processes are
reproduced. The artificial character of this type of wetlands is defined by the

following peculiarities:

The confinement of the wetland is built mechanically and is

waterproofed to avoid losses of water to the subsoil.

The use of substrates different from the original soil for the rooting

of the plants.
The selection of the type of plants that will colonize the wetland.

Constructed Wetlands technology thus acts as a complex ecosystem. The
purification of wastewater takes place by circulating it through these
constructed wetlands, in which physical, chemical and biological processes take
place, which reduces the pollutants present. The main elements that participate

in the process are the following

The water to be treated, which circulates through the filtering

substrate and/or the vegetation.

The substrate or bed material, which has the purpose of supporting
the vegetation and allowing the microbial population fixation (in the
form of biofilm), which will participate in most of the purification

processes.

The aquatic plants, which provide a surface for the formation of
bacterial films, facilitate the filtration and adsorption of the
constituents of the wastewater, contribute to the oxygenation of the
substrate and the elimination of nutrients. In addition, the vegetation
contributes significantly to the landscape integration of these

treatment devices.



Types of constructed wetlands

Modern constructed wetlands are man-made systems that have been
designed to emphasize specific characteristics of wetland ecosystems for
improved treatment capacity. Constructed wetlands can be constructed in a
variety of hydrologic modes. At the current stage of technology development,

three types of wetlands are in widespread use

Free water surface (FWS) wetlands, have areas of open water and

are similar in appearance to natural marshes.

Horizontal subsurface flow (HSSF) wetlands, which typically employ
a gravel bed planted with wetland vegetation. The water, kept below

the surface of the bed, flows horizontally from the inlet to the outlet.

Vertical flow (VF) wetlands distribute water across the surface of a
sand or gravel bed planted with wetland vegetation. The water is

treated as it percolates through the plant root zone and bed material.

Free water surface (FWS) wetlands. The water to be treated flows freely

over the surface of the substrate where the plants are rooted, circulating their
stems and leaves, so it is directly exposed to the atmosphere ( ). These
wetlands are made up of ponds or channels with emergent vegetation and
shallow water levels (less than 0.4 m). To a certain extent, these systems can
be considered as a variety of classic lagoons, with the aforementioned
differences in terms of the lower depth of the water surface and the existence

of rooted vegetation at the bottom
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Basic elements of a free water surface constructed wetland.



Horizontal subsurface flow (HSSF) wetlands. consist of gravel or soil

beds planted with wetland vegetation. They are typically designed to treat
primary effluent before either soil dispersal or surface water discharge. The
wastewater is intended to stay beneath the surface of the bed and flows in and
around the roots and rhizomes of the plants and the bacteria biofilm growth
around the bed material ( ). Because the water is not exposed during the
treatment process, the risk associated with human or wildlife exposure to
pathogenic organisms is minimized. Properly operated HSSF wetlands do not
provide suitable habitats for mosquitoes. HSSF wetland systems are generally
more expensive than FWS wetlands, although maintenance costs remain low
compared to alternatives. They are commonly used for secondary treatment for
single-family homes or small cluster systems, or small. However, there are

many other applications to treat wastewaters from the industry

Effluent

Influent
Schematic horizontal subsurface flow constructed wetland.

Vertical flow (VF) wetlands. The water supply is carried out intermittently,

for which it generally resorts to the use of pumps (commanded by timers or
level buoys) or, when the topography allows it, to controlled discharge siphons.
Recently, to distribute the water over the filtration surface, pipes are used that
are supported by pivots distributed over the entire surface, with a feeding point
every 25-30 m? of wetland surface. The waters circulate vertically through a
filtering substrate of sand-gravel, of the order of 1 m thick, in which the
vegetation is fixed. At the bottom of these wetlands, a drainage network allows
the collection of treated effluents. A set of conduits are connected to this

drainage network, which protrudes from the layer of aggregates, to increase the



oxygenation of the filtering substrate by natural ventilation (chimney effect). The
contribution of oxygen by the roots of the plants, in this type of wetlands, is small
compared to the contributions through the alternating periods of flooding and

drying and the ventilation system ( )

Treatment performance values in subsurface slow constructed wetlands (From

Ortega et al. 2010).

Vertical CW Horizontal CW

Parameter o Effluent . Effluent
% Removal (mg/L) % Removal (mg/L)

SS 90-95 13-25 90-95 13-25
BODs 90-95 15-25 85-90 15-30
coD 80-90 60-120 80-90 60-120
NHs:-N 60-70 9-12 20-25 22-24
TN 60-70 15-20 20-30 35-40

TP 20-30 7-8 20-30 7-8

Treatment processes and microbial communities
Suspended solids

Wetland systems have long hydraulic residence times, generally several
days or longer. Consequently, virtually all settleable and floatable solids of
wastewater origins are removed. The major processes responsible for the
removal of settleable suspended solids are sedimentation and filtration. Non-
settling/colloidal solids are removed, at least partially, by bacteria growth
(which results in the settling of some colloidal solids and the microbial decay of
others) and collisions with the adsorption to other solids (plants, pond bottom,
suspended solids).

In all types of constructed wetlands, most of the solids of wastewater
origin are filtered out and settled within the first few meters beyond the inlet
zone. The accumulation of trapped suspended solids is a major threat to the
good performance of some systems, especially those with the subsurface flow,
which can be clogged with suspended solids. In many systems, however, the
majority of settleable solids are removed in a mechanical pre-treatment unit
(e.g. sedimentation or Imhoff tanks) before the wastewater is discharged to the

actual wetland system



Removal of organic matter

Organics compounds are degraded aerobically as well as anaerobically.
The oxygen required for aerobic degradation is supplied directly from the
atmosphere by diffusion or oxygen leakage from the macrophyte roots into the
rhizosphere. The uptake of organic matter by the macrophytes is negligible
compared to biological degradation.
Aerobic degradation of soluble organics matter is governed by the aerobic

heterotrophic bacteria according to the following reactions ( )
(CH20) + 0, — CO2 + H2:0 ( )

The autotrophic group of bacteria which degrades organic compounds
containing nitrogen under aerobic conditions is called nitrifying bacteria, the
process is called ammonification and will be. discussed later. Both groups
consume organics but the faster metabolic rate of the heterotrophs means that
they are mainly responsible for the reduction in the BOD of the system.
Insufficient supply of oxygen to this group will greatly reduce the performance
of aerobic biological oxidation, however, if the oxygen supply is not limited,
aerobic degradation will be governed by the amount -of active organic matter

available to the organisms.

Anaerobic degradation is a multistep process that occurs within
constructed wetlands in the absence of dissolved oxygen. The process can be
carried out by either facultative or obligate anaerobic heterotrophic bacteria. In
the first step the primary end-products of fermentation are fatty acids such as
acetic ( ), butyric, and lactic ( ) acids, alcohols ( ) and the gases CO0:
and H:

CsH1206 — 3 CH3COOH + H; ( )
CsHi20: — 2 CH3CHOHCOOH (lactic acid)  ( )
CeHi206 — 2 CO2 + 2 CH3CH20H (ethanol)  ( )

Acetic acid is the primary acid formed in most flooded soils and
sediments. Strictly anaerobic sulfate-reducing ( ) and methane-forming
bacteria then utilize the end-products of fermentation and, in fact, depending on

the complex community of fermentative bacteria to supply substrate for their



metabolic activities. Both groups play an important role in organic matter

decomposition and carbon cycling in wetlands:
CH300H + H,S0;, — 2 CO; +2H20 + H.S  ( )

Anaerobic degradation of organic compounds is much slower than aerobic
degradation. However, when oxygen is limiting at high organic loadings,

anaerobic degradation will predominate.
Nitrogen removal

The removal mechanisms for nitrogen in constructed wetlands are
manifold and include volatilization, ammonification, nitrification/denitrification,
plant uptake and matrix adsorption. Numerous studies have proven that the
major removal mechanism in most constructed wetlands is microbial
nitrification/denitrification. In systems with free-floating macrophytes, ammonia

volatilization can significantly contribute to nitrogen reduction

Ammonification: (mineralization) is the process where organic N is
converted into inorganic N. Mineralization rates are fastest in the oxygenated
zone and decrease as mineralization switches from aerobic to facultative
anaerobic and obligate anaerobic microflora. The rate of ammonification in
wetlands is dependent on temperature, pH value, C/N ratio of the residue,
available nutrients in the system, and soil conditions such as texture and

structure.

Nitrification: is usually defined as the biological oxidation of ammonium to
nitrate with nitrite as an intermediate in the reaction sequence. Nitrification is a
chemoautotrophic process. The nitrifying bacteria derive energy from the
oxidation of ammonia and/or nitrite and carbon dioxide is used as a carbon
source for the synthesis of new cells. These organisms require 02 during
ammonium oxidation to nitrite and nitrite oxidation to nitrate ( ).

Oxidation of ammonium to nitrate is a two-step process:
NHs* + 1.5 02 — NOz + 2H* + H20 ( )
NO2 + 0.5 02 — NOs ( )
NHs* +2 02 — NOs™ + 2 H* + H2.0 ( )



The first step, the oxidation of ammonium to nitrite, is executed by strictly
chemolithotrophic (strictly aerobic) bacteria which are entirely dependent on
the oxidation of ammonia for the generation of energy for growth. In soil, species

belonging to the genera Nitrosospira.

The second step in the process of nitrification, the oxidation of nitrite to
nitrate, is performed by facultative chemolithotrophic bacteria which can also
use organic compounds, in addition to nitrite, for the generation of energy for

growth.

Denitrification: the first anoxic oxidation process to occur after oxygen
depletion is the reduction of nitrate to molecular nitrogen or nitrogen gases.
From a biochemical viewpoint, denitrification is a bacterial process in which
nitrogen oxides (in ionic and gaseous forms) serve as terminal electron
acceptors for respiratory electron transport. Electrons are carried from an
electron-donating substrate (usually, but not exclusively, organic compounds)
through several carrier systems to a more oxidized N form. The resultant free
energy is conserved in ATP, following phosphorylation, and is used by the
denitrifying organisms to support respiration. Denitrification is illustrated by the

following equation ( ):
6 (CH20) + 4NOs — 6 CO2+2 N2+ 6 H.0  ( )

This reaction is irreversible and occurs in the presence of available
organic substrate only under anaerobic or anoxic conditions (Eh = +350 to +100
mV), where nitrogen is used as an electron acceptor in place of oxygen.

The denitrifying ability has been demonstrated in 17 genera of bacteria.
Most denitrifying bacteria are chemoheterotrophs. They obtain energy solely
through chemical reactions and use organic compounds as electron donors and
as a source of cellular carbon. The genera Bacillus, Micrococcus and
Pseudomonas are probably the most important in soils, Pseudomonas,

Aeromonas and Vibrio in the aquatic environment.

Phosphorous removal



Phosphorous in wastewater is in the form of organic phosphorous and
inorganic orthophosphate . Between 10 and 20% is
assimilated in microbial biomass. Three are the main processes to remove

phosphorous in CWs:

Direct absorption by plants: plants adsorb much less phosphorous
than nitrogen.

Adsorption on the particles: in can be released under certain
environmental conditions, especially by changes in redox potential.
Physicochemical precipitation, using reactions of phosphorous with
iron, aluminum and calcium of the wastewater, resulting in insoluble

phosphates.

Phosphorous removal in CWs is approximately from 20 to 30%. This
percentage can be improved by filtering specific substrates, i.e. containing iron.

It has been observed that the retention of phosphorous decreases over time.
1.3 Microbial Electrochemistry: Fundaments
1.3.1 The origins of microbial electrochemistry

Microbial electrochemistry deals with the interactions between
microorganisms and electronic devices and with the novel electrical properties
of microorganisms. Diversity of microorganisms can donate electrons to, or
accept electrons from, electrodes without the addition of artificial electron
shuttles. However, the mechanisms for microbe-electrode electron exchange
have been seriously studied in only a few microorganisms. Electroactive
bacteria (EAB) have several potential practical applications, but additional basic

research will be necessary for rational optimization
Electroactive Bacteria (EAB)

The idea of electroactive bacteria is not a new one: experimental data
were first reported in 1911 by Potter who demonstrated current
production by both yeast and bacteria. Several other efforts were reported by
several workers in the mid-20th century, but as with the earlier experiments,

the current production was very low, and any potential applications as power



sources were not taken seriously. In recent years, the situation has begun to

change. In 1988, two papers appeared nearly simultaneously, describing two

different bacteria that were capable of growth on solid metal (iron or
manganese) oxides as terminal electron acceptors (TEA)

. One of these ultimately named Shewanella

was a facultative aerobe, isolated from the oxic/anoxic interface of

Oneida Lake, N.Y., where it was responsible for the rapid rates of manganese

reduction seen in the lake, and shown to be able to catalyze rapid metal oxide

reduction in the laboratory and to grow with solid manganese oxide as the sole

electron acceptor. The other, ultimately named Geobacter, was an oxygen-

sensitive delta proteobacteria that was isolated from deep sediments of the

Potomac River, N.Y., where it was catalyzing the rapid reduction of iron oxides

. For almost 30 years, these two very different

microbes have served as the model organisms for mechanistic studies of a

process now referred to as extracellular electron transport or EET.

This interaction between microorganisms and electrodes as their
electron acceptor is based on one of the oldest respiratory processes on earth.
Ferric iron was and still is a very abundant potential electron acceptor

. Nevertheless, the dissimilatory (respiratory) reduction of
iron necessitates certain adaptations by microorganisms because iron occurs
in soil sediments in the form of insoluble minerals such as ferrihydrite and
hematite. Hence, the reduction of ferric iron is dependent on the evolution of an
extended respiratory chain to the cell surface. Usually, the activity of enzymes
is highly specific and follows the lock and key principle. In the case of ferric iron
respiration, evolution has been selected for rather unspecific terminal
reductases that can reduce a broad range of solid-phase electron acceptors if
they have a redox potential that sustains the electron transfer process. This
ability is necessary because environmental ferric iron minerals have an
uncountable number of different shapes, which makes a specific lock-key
interaction unsuitable. The redox potential of the electron acceptor determines
the electron transfer rate. Using electrodes as electron acceptors offers the

ability to steer the respiratory rate and thereby the overall metabolic activity of



electrode-attached organisms. The two common routes of extracellular
electron transfer, occur either via direct contact between the electron acceptor
and redox-active enzymes on the cell surface or via the use of endogenously
produced shuttling substances

The clear advantage of exploiting electroactive communities is that
electrodes can boost microbial metabolism in anaerobic systems that are
typically electron acceptor limited. Electroconductive material may represent an
inexhaustible source of electron acceptors, hosting the additional advantage of
providing a more easily modulated redox potential compared to standard, low-

reducing redox species that generally drive these systems (

A. Oxygen respiration B. Extracellular e-transfer
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Schematic diagrams of respiration: (A) electron transfer to a soluble
compound (as oxygen) and (B) microbial extracellular electron transfer. From (Kalo ef
al. 2012).

Geobacter as model bacteria

Geobacter species are in the family Geobacteraceae, which is within the
domain Bacteria, phylum Proteobacteria, class Deltaproteobacteria. All
Geobacter isolates are Gram-negative rods and can use a diversity of electron
acceptors to support anaerobic growth, and there is evidence that G.
sulfurreducens can grow via oxygen reduction at low oxygen tensions

. Soluble electron acceptors that can be reduced intracellularly include
nitrate, fumarate, and chlorinated compounds. Family Geobacteraceae is one of

the best-studied groups of microorganisms capable of extracellular electron



exchange reactions, oxidizing acetate with the reduction of Fe(lll). The two most
heavily studied Geobacter species have been G. metallireducens and G.
sulfurreducens. G. metallireducens was the first Geobacter species recovered
in pure culture
The hallmark physiological capability of Geobacter species is their ability
to couple the oxidation of organic compounds to the reduction of Fe (lll), which
allows Geobacter species to fill key niches in the anaerobic microbial food chain
of sedimentary environments such as aquatic sediments, wetlands, rice paddies,
and subsurface environments in which Fe(lll) reduction is an important terminal
electron-accepting process . Other factors
such as the “remarkably low” maintenance energy requirement of Geobacter
species may also be an important factor in their success in subsurface
environments
Electron transfer to minerals and electrodes necessitates direct contact
between the cells and the electron acceptor because the microorganisms do not
produce an endogenous mediator for indirect/mediated electron transfer
. Some of the factors that play a role
in direct extracellular electron transfer are the cytochromes. C-type
cytochromes are the key players in this process
, as can be judged by their
abundance and diversity . The genome
of G. sulfurreducens encodes for more than 100 c-type cytochromes. Among
these, 65 homologs have been identified within the genome of the closely related
strain G. metallireducens . A well-conserved c-type
cytochrome in Geobacter species is PpcA. This triheme periplasmic cytochrome
is localized to the periplasm of the cell and predicted to
transfer electrons from the cytoplasmic membrane to the outer membrane by
heme groups that are oriented in parallel or perpendicular to each other
. For the inner membrane, there is evidence for at least
two transfer pathways of electrons into the periplasm. The multiheme c-type
cytochrome ImcH is required for respiration to extracellular electron acceptors

with high redox potentials, whereas CbcL, an inner membrane protein, is chosen



for the reduction of acceptors with redox potentials lower than -0.1V

The universal ability of all Geobacter species to oxidize acetate with Fe
() serving as the sole electron-acceptor points to their key ecological/
biogeochemical role in wetlands, soils and sediments. Acetate is the key
extracellular intermediate in the anaerobic degradation of organic matter
Although there are some Fe(lll)-reducing
microorganisms that can completely oxidize fermentable organic compounds,
such as sugars and amino acids , they do not appear to be
competitive with fermentative microorganisms. For example, in sediments in
which Fe(lll) reduction was the predominant terminal electron- accepting
process, glucose was metabolized to acetate and other minor fermentation
acids . Therefore, the mineralization of organic matter
can only take place if there are Fe(lll) reducers capable of coupling the oxidation
of acetate to the reduction of Fe(lll).

After Fe(lll) reduction, electron transfer to electrodes is probably the

most studied form of respiration in Geobacter species
. All Geobacter species that have been
evaluated have the capacity for electron transfer to electrodes. Geobacter or
closely related species are frequently the most abundant microorganisms that
colonize electrodes from mixed species inocula or natural communities,
especially under strictly anaerobic conditions. Frequently, the Geobacter
species enriched are most closely related to G. sulfurreducens, which is
consistent with the finding that G. sulfurreducens strains produce the highest
current densities of any known pure cultures and accomplish this with very high
(>90%) coulombic efficiencies . This is expected to give them
a competitive advantage in colonizing electrodes. A wide diversity of conductive
materials are appropriate electrode surfaces for Geobacter species. Solid
graphite is the most commonly employed . but other
graphite/carbon materials, carbon cloth, gold, steel, platinum and diversity of

conductive polymers are also effective.

1.3.2 Microbial Extracellular Electron Transfer (EET) mechanism



Many anaerobes can only transfer electrons to soluble compounds such
as nitrate or sulfate that can diffuse across the cell membrane, but electroactive
bacteria are distinguished from these anaerobes by their ability to directly
transport electrons outside of the cell, through a mechanism currently known
as extracellular electron transfer (EET). EET is defined as the microbial
metabolic process that enables electron transfer between microbial cells and
extra-cellular solid materials and is a type of microbial respiration. Respiration
converts redox potential differences between the oxidation and reduction of
chemical compounds into a bio-available form of energy, generally ATP. In the
respiration process, electrons derived from the oxidation of electron donors (as
acetate, lactate, hydrogen, methane, ammonia, sulfides, etc.) are transferred to
electron acceptors, that can be in the form of soluble oxidized compounds (as
oxygen, carbon dioxide, nitrate or sulfate), insoluble forms (as humic acids) or
solids (as minerals or electrodes). Through EET, microorganisms can transfer
the electrons to the outer surface of the cell to reduce an extracellular solid
terminal electron acceptor . When microorganisms interact with
conductive solid surfaces, electron transfer is thought to happen through
several possible mechanisms ( ).

A. Mediated EET B. Direct EET C. Direct interspecies D. Conductive particle mediated
e-transfer interspecies e-trasfer
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A. MEET via secondary metabolites B. DEET to electrodes via membrane bound
cytochromes. C. Direct Interspecies electrons transfer (DIET). D. Conductive-particles

mediates interspecies electron transfer (CIET).
Direct Extracellular Electron Transfer

DEET requires physical contact between the microorganism and the
electrode, usually attached forming a biofilm on the electrode surface ( ).

This mechanism involves transmembrane redox-active proteins as c-type



cytochromes . The DEET
via outer membrane cytochromes requires the physical contact of the bacterial
cell to the electrode, with the consequence that only bacteria in the first
monolayer at the anode surface are electrochemically active. This causes a
limitation of the catalysis by the maximum cell density in this bacterial
monolayer. However, it has been demonstrated that some species have
developed nanowires or pili to reach and utilize distant insoluble electron
acceptors or to interconnect inners layers in the biofilm. This kind of strategy

has been observed for Geobacter and Shewanella species

Another example of DEET is when a cell uses another cell as TEA.
Electrical contacts documented to date include electrically conductive pili, as
well as conductive iron minerals and conductive carbon moieties such as
activated carbon and biochar. To clearly distinguish between conductive mineral
mediated and direct cell contact authors

have subcategorized the pili mediated electron transfer, as direct
interspecies electron transfer (DIET) and the conductive mineral mediated as
conductive particle-mediated Interspecies electron transfer (CIET).

DIET was first described in G. metallireducens and G. sulfurreducens co-
cultures, growing in a defined minimal medium with ethanol as electron donor
and fumarate as electron acceptor . The mechanism for
DIET in Geobacter co-cultures were intensely studied during the past few years,
combining phenotypic, genetic, transcriptomics, proteomics analysis

. The absence of
H2/formate mediated electron transfer in the co-culture was best shown by the
ability of G. metallireducens to generate successful syntrophic co-cultures with
a double mutant of G. sulfurreducens (_hybL_fdnG) incapable of H; or formate
uptake . Furthermore, DIET is seemingly
capable to produce successful co-cultures in the absence of acetate transfer as
supportive mechanism of electron exchange as revealed in a recent study in co-
cultures of G. metallireducens with a strain of G. sulfurreducens depleted in

acetate utilization capacity, a citrate synthase mutant (_g/A4)



This study revealed that DIET alone is sufficient for energy conservation in
syntrophic co-cultures.

The need to produce biological conductive molecular networks can be
averted by the addition of conductive minerals
CIET could take place via non-biological conductive networks of semi-
conductive minerals like nano-magnetite ,
granulated activated carbon (GAC) , or biochar
in the absence of molecular conduits. For example, electrically conductive
magnetite nano-particles facilitate CIET from G. sulfurreducens to Thiobacillus
denitrificans, accomplishing acetate oxidation coupled to nitrate reduction

. Conductive minerals are often present in natural environments

, and their

absence during laboratory incubations severely impacts species distribution

and survival . CIET is more

straightforward to investigate than DIET. This is because we can use conductive

minerals to specifically enrich CIET-partners from environmental communities

where partners may rely on conductive minerals to interact with each other

. Under such enrichment conditions, non-

syntrophic species fade out. For example, a Geobacter-Methanosarcina

consortium from Baltic Sea sediments required the presence of conductive

materials (iron-oxides or activated carbon) to carry out syntrophic acetate

oxidation . Without conductive minerals, syntrophic acetate
oxidation ceased, and both groups went extinct.

Microbial extracellular electron transfer, either in form of DIET (Direct
Interspecies Electron Transfer) or CIET (Conductive-particle-mediated
Interspecies Electron Transfer) is currently a trending topic in the
environmental biotechnology field . Thus,
such kinds of syntrophies have a key role in engineering applications for treating
brewery wastewater in anaerobic digestors or microbial

electrochemical fluidized bed reactors

Mediated Extracellular Electron Transfer



Mediated Electron-Transfer (MEET) occurs through low-molecular
compounds, referred to as electron mediators, which act as the electron
carriers between microbial cells and solid materials. Electron mediators are
chemical compounds that facilitate the transfer of electrons to and from
bacteria, these may include sulfur compounds, humic substances

and flavins

Some microorganisms can naturally synthesize and excrete endogenous
redox-active molecules that function as electron mediators, such as flavins or
phenazine compounds. Bacteria that rely on these compounds for extracellular
electron transfer include Shewanella

, Lactococcus , and Pseudomonas

Likewise, these mediators can be external agents, artificially added to the
media or present in natural environments as humic substances. Humic
substances are ubiquitous . The humic substance analog,
anthraquinone disulphonate (AQDS) serves as an electron shuttle between G.
metallireducens and G. sulfurreducens , or between G

melallireducens and W. succinogenes
1.3.3 Electrochemical methods for the study of EET

Microbial electrochemistry deals with the interactions between
microorganisms and electronic devices and with the electrical properties of
microorganisms. Diversity of microorganisms can donate electrons to, or accept
electrons from, electrodes without the addition of artificial electron shuttles.
However, the mechanisms for microbe-electrode electron exchange have been
seriously studied in only a few microorganisms. Interfacing microbial,
enzymatic, and electrochemical transformations have led to the new field of
microbial electrochemistry. Electrochemical reactions take place at the
electrode/solution interface and, in the case of electroactive microbial biofilms,
at the interface between the biofilm and the electrode surface. Microbial biofilms

are far more complex than inorganic electrocatalytic moieties, and so



consequently the number of steps involved in their bioelectrochemical reactions
increases dramatically

For the electrochemical studies to be described here, a potentiostat
controlled three-electrode system is required. A potentiostat is an electronic
amplifier that controls the potential drop between the working electrode (WE)
and the electrolyte solution, it hosts a reference electrode (RE) as a sensing
component and a counter electrode (CE) for balancing the current flow. The
working electrode (WE) is the electrode where the reaction of study takes place;
its potential is controlled versus the reference electrode in a three-electrode
system. The reference electrode (RE) is a non-polarizable (stable) electrode
with a fixed potential that sets or measures the potential of the WE. And the
counter electrode (CE) is the electrode that allows the reaction at the WE

accompanying it with a respective reverse reaction

Cyclic Voltammetry (CV)

One of the most important and most widespread applied electrochemical
techniques is cyclic voltammetry (CV). Cyclic voltammetry is a powerful
technique for the study of the extracellular electron transfer of electroactive
microbial biofilms. This electrochemical analysis consists of the registration of
the current production while a potential sweep is performed along with a
potential window. It is common to initiate the CV in an initial potential (Ei) from
where the sweep can be done towards either positive potentials (anodic sweep,
oxidation reactions take place) or negative potentials (cathodic sweep, reduction
reactions take place). Once, the extreme potential of the window is reached, the
sweep is inverted until reaching the other extreme potential. Depending on the
necessities of the assay, the cycle can be repeated n times. The speed of the
sweep is known as scan rate and is equivalent to the potential variation per unit
of time. The scan rate allows obtaining information about the speed of the
reactions that occur on the WE. A CV (Current (l) vs. potential (E)) of a reversible
system is shown in In the anodic sweep, no current flow is observed

until the potential approaches the standard potential of the redox pair (Eo). Then,



the current increases due to an oxidation reaction. As the potential continues to
increase, the concentration of the species to be oxidized at the surface of the
electrode begins to drop. When the potential reached is higher than the Eo and
the concentration of the species is almost zero, the current is at its maximum
since the mass transport is at its highest rate. When the potential increases and
the species is consumed, the current eventually drops. The highest current
corresponds to a potential known as peak potential (Ep) and the maximum
current is called Peak Current (Ip). When the extreme potential chosen is
reached, the sweep is inverted. The shape of the inverse curve (cathodic)
depends on the potential at which the sweep was inverted. If the extreme
potential chosen is higher than the peak potential, the shape of the inverse curve

is the same as the anodic sweep
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Cyclic voltammetry where Epa: anodic peak potential; Epc: cathodic peak

potential; Ipa: anodic peak current; Ipc: cathodic peak current; EO: standard potential.

Useful thermodynamic information, as well as qualitative information on
the nature of the electron-transfer process, can be extracted from CV
experiments, including 1) formal potentials of redox species, 2) the reversibility
of redox species and its dependency on the scan rate, 3) studying the influence
of the mass transfer, 4) elucidating which redox couples are responsible for the
development of turnover currents, i.e. the identification of the
bioelectrocatalytically active sites, and 5) distinguishing between adsorbed and

diffusive natures of the mediators.



Chronoamperometry (CA)

Chronoamperometry (CA) is another electrochemical tool where the
working electrode acquires a constant potential and the resulting current from
the biological extracellular oxidation or reduction of a compound on the surface
of the working electrode is recorded as a function of time. The applied potential
depends on the experimental goal. When the objective is oxidizing compounds,
the polarization potential must be more positive than the OCP for the working
electrode. In contrast, the polarization potential must be more negative when

the goal is promoting the reduction at the working electrode

1.3.4 Microbial Electrochemical Technologies (METs): configurations and

processes

Microbial Electrochemical Technologies (MET) can be derived as
technologies or applications that utilize the electrochemical interaction of
microbes and electrodes. In the great majority, these interactions involve

extracellular electron transfer
Microbial Fuel Cells (MFCs)

The MFC is a device which converts chemical energy to electrical energy
during substrate oxidation by microorganisms so-called electroactive
. The schematic representation of the
two-chambered MFC functionality is presented in . An anode and a
cathode are each placed in aqueous solutions in two chambers separated by a
proton exchange membrane (PEM). Microbes in the anode chamber oxidize fuel
(electron donor) generating electrons and protons. The current generation is
due to the nature of microorganisms, as they transfer electrons from a reduced
electron donor to an electron acceptor at a higher electrochemical potential.
Anode respiring bacteria (ARB) in an anode biofilm carry out an oxidation half-
reaction of organic matter, producing electrons from renewable biomass,
including wastes, and producing one proton for every electron

. Carbon dioxide is eventually produced as an oxidation product. Electrons



are transferred to the cathode through the external circuit, powering the
external device, and protons are transferred internally through the membrane.
Electrons and protons are consumed on the cathode, reducing oxygen to water
and generating electricity. In addition, bacteria can consume electrons at the
cathode with the reduction of electrochemically positive electron acceptors

such as nitrate, perchlorate, or metals

A. Microbial Fuel Cell (MFC) B. Microbial Electrolysis Cell (MEC)
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. Schematic representation of microbial fuel cell working principle.

The main characteristic of MFC devices is the production of electricity
coupled to biodegradation of soluble organic matter. However, the power output
reached so far, make industrial applications still not available. Due to this
limitation, the electricity stored in rechargeable devices as capacitors

has been suggested. On the other hand,
promising performances on the laboratory scale have presented the MFCs as a
suitable option for applications like bioremediation or even biosensing (see

below). The most important applications of MFC configuration are:

Microbial desalination cells (MDCs). The basic principle of MDCs is to

utilize the potential gradient generated across the anode and cathode to drive
desalination in situ. Compare to other METs, MDCs have a third chamber for
desalination by inserting an anion exchange membrane (AEM) and a cation

exchange membrane (CEM) in between the anode and cathode chambers (



). When electroactive bacteria in the anode chamber oxidize organic
substrates and produce electrons and protons, the anions (e.g.,, Cl) from the
salty water in the middle chamber migrate to the anode and the cations (e.g.,
Na*) are drawn to the cathode for charge balance, thus the middle chamber
solution is desalinated . MDC became of great
interest because it can be used as a stand-alone technology for simultaneously

removing organics and salt with no energy consumption
A. Microbial Desalination Cell (MDC) B. Sediment microbial fuel cell (SMFC)
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A) Schematic of a typical Microbial Desalination Cell (MDC) of 3 cameras,

without external power supply. B) Schematic of a Sediment microbial fuel cell (SMFC).

Sediment microbial fuel cells (SMFCs) for harvesting energy from
sediments and soil. SMFCs are variants of MFCs that are placed in ecological
water bodies. The anode is placed in the sediment and connected through an
electrical circuit to a cathode in the overlaying water layer. The energy is
obtained through several reactions like either the electrochemical oxidation of
microbially produced reductants like humic acids, Fez*, S2” or the microbial
oxidation of organics. Most of the SMFCs described so far have been installed in
marine sediments, like the described before of Reimers et al.

. Other variations of SMFC have been located in freshwater natural
environments like rice crop soils, where the plant exudates provide a source of
organic substrates for the SMFC or changing the soil physical properties by

stimulating colloid formation via the addition of silica (agricultural reagent)



Biosensors. in this case, unlike other MET applications, the technology has
been miniaturized. In comparison to conventional MFCs, miniaturized-METs
allow obtaining significantly shorter start-up times and rapid electrical
response . One of the most feasible
applications for the downscaled METs are biosensors based on electrochemical
detection, as they can perform in situ analysis with high accuracy and stability.
In wastewater technologies, biosensors have been successfully developed for
measuring the biological oxygen demand (BOD) , acetate

, glucose , pPH

as well as toxic compounds
Microbial Electrolysis Cells (MECs)

Microbial electrolysis cell (MEC) are devices where electrical power is
used to enhance the potential difference between the anode and the cathode,
either to enable or increase the rate of the electrode reactions. The energy can
be provided by a power source or a potentiostat depending on the selected mode
of operation: galvanostatic mode (current flow is fixed) or at potentiostatic mode
(the potential difference between two electrodes is fixed). In galvanostatic mode,
only two electrodes are needed; however, for poisoning an electrode under a
selected potential value potential (working electrode) then a third electrode, so-
called reference, is necessary. The other electrode is called counter or auxiliary
electrode and its potential is dependent upon the current flow circulating
through the system. This configuration allows control of the anodic or cathodic
reactions, which is crucial for the study of the microbial-electrode
interaction . When the anode
potential is controlled in a 3-electrode configuration, the organic matter
oxidation is being performed at this working electrode. In other cases, the
potential is fixed at the cathode to solve the energy requirements and remove
contaminants present in waters by reducing reactions such as SO; from
groundwater, and N from low COD effluents. In addition, simpler systems have

been developed to allow scaling-up and implementation in wastewater



treatment plants . The most important applications of MEC

configuration are:

The microbial electrochemical fluidized bed reactor (ME-FBR)

. The ME-FBR has been developed to i) maximize the superficial
area of the electrode available for electroactive microorganisms and ii) to
improve the kinetics of the catalysis by employing an environment with
favourable mixing properties. These systems have been used to treat real
wastewater and studies report that the ME-FBR was able to remove up to 95%

of the COD in brewery effluent

Microbial electroremediating cells (MERCs). Bioremediation is a relatively

efficient and cost-effective technology for treating polluted soils, yet it finds
limitations in the bacteria respiration process. MERCs consist of a variety of
bioelectrochemical devices that aim to overcome bacterial electron acceptor
limitation and maximize metabolic activity to enhance the biodegradation of a

pollutant in the environment

In_ microbial electrosynthesis cells (MES), the electroactive bacteria use

the electrons derived from the cathode to reduce carbon dioxide and other
chemicals into a variety of organic compounds. In general, acetogenic bacteria
use hydrogen as the electron donor and CO: as a carbon source. However, it
was found that a cathode could also serve as an electron source for producing
organic acids for acetogenic species . Methanogens can also
accept electrons directly from cathodes to produce
hydrogen, which can be further converted to methane in an external anaerobic
digester. Microbial electrosynthesis is probably the most emerging area in

microbial electrochemical research.



A. Microbial electrochemical B. Microbial electroremediating
fluidized bed reactor (ME-FBR) cell (MERC)

A) Schematic of a typical Microbial electrochemichal fluidized bed reactor
(ME-FBR). B) Schematic of a Microbial electroremediating cell (MERC).

Microbial Electrochemical Snorkel

If the ultimate goal is no longer to produce current but only to maximize
the oxidation of organic matter, the system does not require complex
electrochemical reactors with membranes or any other type of separators. The
system can be simplified to two connected electrodes, or even a single piece of
conductive material, a short-circuited MFC as illustrated in . The result
is a basic device that the authors propose calling a microbial electrochemical
snorkel (MES) because it works exactly like a snorkel that allows the anode
respiring bacteria to transfer to oxygen the electrons produced by their
metabolism . Unlike MFCs, an MES does not divert energy to
produce electricity but it ensures maximum efficiency for the oxidation of

organic matter.

Technically, the snorkel concept can simply consist of the following (

): (i) a conductive material acting as an anode, which must be colonized by
an EAB, (ii) a conductive material acting as the cathode, that ensures electron
removal to the final electron acceptor and allows bacteria snorkeling to oxygen
for example. The same scheme can be applied to final electron acceptors, other

than oxygen, eg nitrates, nitrites, sulfates, and thiosulfates. The cathodic



reaction can be abiotic, or also benefit from the development of an EAB

(biocathode)

The main application of this configuration is the oxidation of organic
matter in wastewater treatment . For it, the standard design for
constructed wetland has been recently altered by the integration of
biocompatible electroconductive materials typically used in METs. The new-born
technology can be considered a bioelectrochemical-assisted constructed
wetland also named as METland® . This technology

will be fully described in section 1.3.6.

Electrochemical snorkel
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Microbial electrochemical snorkel (MES) concept.
1.3.5 Microbial electrochemical pollutants removal

In a bioremediation context, many oxidized and reduced species require
removal which opens up opportunities for METs ( ). In the following
section, we highlight some of the key studied electricity-driven processes for

pollutant removal.
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Microbial electrochemical organic matter removal

Electroactive bacteria can use organic and inorganic simple molecules to
obtain energy in anaerobic conditions: acetate, ethanol, glucose, hydrogen gas,
etc . If more complex substrates are present in the wastewater,
then the electrogenic metabolism needs a partner that breaks these compounds
into more simple molecules . When real wastewaters are
treated, the electrochemical performance is importantly decreased compared
to using synthetic water with easier biodegradable substrates. This is due to the
low degradation rates of complex organic matter and the appearance of
competing processes as methanogenesis. The performance of the treatment

depends highly on the wastewater composition.

From the very beginning in the METs field, the bioelectrochemical
treatment of domestic wastewaters has been the center of attention of
researchers . The potential
advantages derived from using an electrogenic metabolism instead of an
aerobic one, which has traditionally been used in urban wastewater treatment
plants (WWTPs), have been the main stimulating factor. However, currently, a
wide range of wastewaters have been successfully treated by METs: brewery

effluents , cheese industry



wastewaters , palm oil mill effluents
, wine lees ,yogurt waste
, swine wastewaters, , rice mill

effluents

The performance of the treatment depends highly on the wastewater
composition. It has been observed that COD can be removed at higher removal
rates when organic matter concentration is high, but it results in decreasing
coulombic efficiencies. This is due to the stimulation of other microbial

processes such as fermentation and methanogenesis

The materials used for the anodes are commonly carbon-based materials
such as carbon and graphite due to their stability when microbial cultures are
grown on them and to their relatively low cost. Larger surface areas provide
more space for microbial attachment, which results in higher electron transfer

and reaction rates per volume of treated wastewater.
Microbial electrochemical nutrients removal

- Nitrogen
The disadvantage of the conventional nitrification/denitrification reaction
is that it requires considerable amounts of energy because the wastewater
needs to be aerated to supply oxygen for the conversion of ammonium to nitrate.

Additionally, electrons in the form of COD must be supplied for denitrification

Ammonium removal by MFC has focused on two different strategies: MFC
ammonium nitrification under aerobic conditions in the cathode
or, given that ammonia can be diffused from anode to cathode through the
cation exchange membrane; it can be stripped with a suitable gas and
subsequently absorbed . Anodic oxidation
of ammonium to nitrite has been reported by few authors
in two-chamber MECs. Furthermore, it has been
reported Anammox process to be enhanced by previous bioelectrochemical

oxidation of ammonia to nitrate



In conventional WWT systems, the organic matter available in the
wastewater is typically used as an electron donor during denitrification. In
contrast, METs can be a potential alternative for removing nitrate from
wastewater with low organic matter content, even from groundwater

. In METs, the cathode can serve as an electron source
for heterotrophic or autotrophic electroactive microorganisms to reduce the
nitrate. The electrons provided by a biocathode can either come from acetate
oxidation in a bioanode or from the abiotic electrochemical oxidation of other
compounds such as water . Given that in a
MEC a flow of electrons can be supplied to the electrodes, denitrification could

be controlled without adding organic matter and better results could be reached.

Different reactor designs have been tested for performing a complete
nitrogen removal treatment. For instance, nitrification can be accomplished in a
separate chamber, transforming the ammonium to nitrite or nitrate, while
denitrification can be carried out in the cathode, as previously described by
Virdis et al. . Other studies have investigated the
simultaneous aerobic nitrification/bioelectrochemical denitrification in the same

chamber
1.3.6 Integration of MET technology in constructed wetlands

The requirements of new environmental legislation on municipal and
industrial wastewater effluents have driven researchers to find more efficient
technologies for wastewater treatment that minimize both the energy demand
and the final waste while reusing the by-products generated. In this regard,
some research lines are focused on alternative forms of microbial metabolisms
(e.g. anammox and microbial electrochemistry

while others try to optimize the already existing configurations. One of the
most widespread configurations of METs today for wastewater treatment is CW-

MFC and METland® ( ).
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electrode-based configuration under short circuit with no resistors (METland®).
Constructed Wetlands-Microbial Fuel Cell (CW-MFC)

The presence of redox gradients along a CW depth profile with anaerobic
zones at the bottom and anoxic/aerobic zones at the top led to the exploration
of the possibility of combining them with MET . Similar to a
conventional MFC, a CW-MFC includes the installation of an anode located at the
bottom in the anaerobic zone and a cathode located at the top in the
anoxic/aerobic zone. On the anodic zone, the metabolic activity of electroactive
bacteria allows the consumption of organic compounds, releasing electrons that
are transferred to the anode. From the anode, the electrons flow along an
external circuit to the cathode, where they can be used in the reduction of 02 or
NO3. To complete the charge balance, some configurations incorporate an ion
separator, others simply allow them to flow in the bulk fluid

. Likewise, in conventional MET for wastewater treatment with CW-MFC
systems it is intended to achieve a treatment performance at least as good as
in conventional CW, but with the added value of harvesting energy derived from
EAB metabolic activity and their interaction with the electrodes installed in the

set-up A typical setup of CW-MFC is presented in



METland® technology

The so-called METland® is a MET-based application that integrates the use
of electro-conductive granular material in constructed wetlands to effectively
perform bioremediation in diverse contexts . Originally,
METland® was designed to operate under flooded conditions and short-circuit
modes as “snorkel” electrodes . The natural redox
gradient between the bottom of the system and the naturally oxygenated surface
greatly enhanced microbial oxidative metabolism for removing organic
pollutants . To explain
the inner workings of a METland®, it is necessary to delve into the electron flow
along the bed. Full-scale METland® units have been constructed with different
electroconductive granular materials like electroconductive coke

or more sustainable materials like electroconductive biochar
(ec-biochar) obtained after wood pyrolysis at high temperature
. Although most of the MET-based applications are classically operated
under anoxic conditions to avoid oxygen competition with anodic reactions,
METland® has been recently proved to be effective even under down-flow
aerated mode . Electroactive bacteria from the
genus Geobacter have been found to outcompete in such redox mixed
environments and, interestingly, such aerobic conditions favoured nitrification
so METland® can be operated to remove COD as well as nutrients
. Indeed, last generation of METland® was operated under
hybrid operation combining aerated aerobic downflow with the anoxic flooded
mode to clean up 25 m®/day urban wastewater in less than 0.5 m? per person
equivalent (www.imetland.eu). METland® is especially effective for removing
recalcitrant pollutants like pharmaceuticals present in urban wastewater. As
reported by a recent study, seven pharmaceutical compounds
(sulfamethoxazole, paraxanthine, carbamazepine, caffeine, ampyrone, atenolol,
and naproxen) in emerging contaminants were removed over 95% in a METland®

flooded configuration



1.3.7 Full-scale MET-based wastewater treatment

During the last 5 years, a number of successful activities have
demonstrated that METland® can operate at a number of different conditions.
From a constructive point of we can differentiate two kinds of configurations for
the technology: constructed METland® and modular METland®, all design and

commercialize by METfilter, a spinoff company from Bioe Group.

Constructed METland® follow the classical construction methodology
from constructed wetland systems. However, the low cell yield from
electroactive bacteria allow to use deeper heights for bed since clogging risk is
lower than in gravel-bed systems. Examples of such constructed METland®
were implemented in Spain, Denmark, Argentina and Mexico as part of the
iMETLAND project funded by EU H2020 program.

Constructed METland® constructed in Spain and Denmark were devoted to treat
real urban wastewater generated by ca. 200 people at 80 m2 Moreover, the
systems constructed in American land were treating the wastewater generated
in a University Building on Campus. Constructed METLand® have been
successfully evaluated regarding sustainability after Life Cycle Analysis

, outperforming classical systems in performance

per footprint (ca. 0.4m2/pe).

\ Mar de Plata, Argentina Cabo de Gata, Spain /

Constructed METland® implemented at different internal locations.




In contrast with constructed configurations, modular METland® systems
are constructed in polyester tanks and, could be ship-containerized to allow
easy transportability overseas or using conventional terrestrial vehicles. In
contrast with other classical systems that require civil engineering or legal
permits, modular METland® allow a direct implementation where the customer
needs it, saving relevant costs in civil construction. Any single unit of modular
METland® can treat water generated by cad. 100-200 people in a camping site,
hotel, or small communities. These modular systems can operate in the range
of 0.1 m2/pe, outperforming standard cw by 20-fold. As the units have been
designed to fit inside shipping containers, they can be 3D-grown into larger
structures because all ship containers are robust, made-of-steel, and have
identical dimensions. Due to the modular design, additional construction is as
easy as stacking more units. Thus, we the treatment capacity can be easily based
on direct replication of the modular unit.

Summary of those Research and Innovation actions leading to METland® solution
from TRL1 to TRLSY.

History

Technological features

Funded by national program. Proof

2m3/day (12-15 people) Anaerobic

IzR[]I][}:S of concept tested with real urban operation showing limitations for
2015) ww at lab scale or small out-door nutrient removal. Bed made of
assays graphite
H2020 validation:
3
Pilot scale funded by H2020 fﬁlr; {:ﬁ;’a(tzigr?sp“ple)
TRL 4-6 (www.imetland.eu). Tested in Spain s
(2016- and Denmark with real urban 20 m?/day (200 people)
2018) wastewater. Aerobic/anaerobic operation
showing efficient nutrient removal.
Bed made of a mixed of ec-coke &
ec-biochar.
Full scale
TRL 8-9  MVP qualified as successful Customer validation:
(2016- technology after testing in real 25 m3/day (200 people)
2021) environment by a prestigious Public 100 m3/day (100 people)

Water Company
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Objectives and Thesis Outline

The present thesis aims to evaluate the performance of METland, a new
born technology that integrate Microbial Electrochemical Technologies (METs)
in the standard constructed wetlands (CW). The challenge of this hybrid
technology is to overcome some of the technological, economical and
performance bottlenecks for the challenge of wastewater treatment. Thus, the

following specific objectives and outlines were proposed:

1.  To study the differences between a constructed wetland and a METland in
terms of operation and performance and to determine the effect of each of its

elements: vegetation, microorganisms and bed material.

This objective has been developed through Chapter 2: Within a
bioelectrochemically-assisted constructed wetland (METland®): giving insights
on wastewater treatment through the analysis of materials, performance and
electroactive communities. In this context, different biofilters were built to
assess the impact of four different bed materials, gravel (inert material) and
three types of carbonaceous materials. Furthermore, we have studied the
impact of vegetation on the treatment efficiency, together with the analysis of
bacterial communities. In this chapter, we present the use of electroconductive
carbon-based materials for the construction of biofilters like METland® as an

strategy to stimulate the electroactive microbial communities.

2. To assess the potential capability of the electroconductive carbon materials
to promote extracellular electron transfer (EET) and to understand how the

material determines the flux of electrons inside the METland bed.

This objective has been addressed in Chapter 3: Electroactive biochar
outperforms highly conductive carbon materials for biodegrading pollutants by
enhancing microbial extracellular electron transfer. Our goal was to evaluate
the performance of different electroconductive carbon materials (graphite, coke,
biochar) for supporting microbial EET while removing pollutants from

wastewater. Indeed, we made a deep physical-chemical analysis of materials.



Moreover, we correlated the electrochemical response of such materials with

the removal of pollutants.

3. To develop a methodology for simultaneous electrochemical control and
measurement of the microbial response on different electrode materials under

the same physicochemical and biological conditions.

This objective was developed in Chapter 3: Simultaneous characterization
of porous and non-porous electrodes in microbial electrochemical systems. We
studied the possibility of adapting two of the main electrochemical techniques,
cyclic voltammetry and chronoamperometry, to our microbiological tests. In
addition, we propose several strategies to avoid corrosion in the electrode

connections.

4. To explore a novel electrochemical strategy to accelerate the microbial
metabolism and, consequently, improve METland® efficiency without energy

consumption.

This objective was developed in Chapter 4: Novel bioelectrochemical
strategies for domesticating the electron flow in constructed wetlands. Our goal
was to evaluate the performance of a new electron sink (e-sink) device. The e-
sink device was integrated inside the biofilter bed and it was operated using

different electron acceptors with high redox potentials.

5. To operate a real scale METland system treating livestock wastewater

This objective was developed in Chapter 5: A METland® real case for
treating manure wastewater: from lab-scale to full-scale. A lab-scale system
based on METland technology was designed and evaluated for its water
pollutants removal efficiency. Finally, we transferred this model from lab-scale
to full-scale, implementing a real system to treat livestock wastewater
produced in Animal Nutrition Institute (Zaidin Experimental Station (EEZ) -
CSIC).



Chapters 2 to Chapter 5 of this thesis pursue to achieve scientific
objectives and correspond to material published or submitted to peer-review
international journals prior to PhD defence. Chapter 1 is introductory and
describes a general framework for this thesis. Finally, Chapter 6 presents a
general discussion, conclusions and future outlook. The researching activities
described in chapter 4 were performed in collaboration with the Biosciences
Department, Area of Aquatic Biology at Aarhus University (Denmark) under the

supervision of Dr. Carlos A. Arias.



Research Framework

University of Alcald awarded the author a PhD fellowship funded by the

Formacién de Personal Investigador (FPI) programme.

The present PhD thesis was developed within the frame of three research
projects, completely or partially focused on applying METland technology for

treating wastewaters.

The first one, iMETland, A new generation of Microbial Electrochemical
Wetland for effective decentralised wastewater treatment (2015-2018). Was a
project funded through the European Union's Horizon 2020 research and
innovation programme (grant agreement No. 642190). The consortium was was
coordinated by IMDEA Water and it was composed by 11 partners from 4 different
EU member states and two associated countries (Argentina and Mexico):
Foundation CENTA, Aqua-Consult Ingenieros, PWC and Piroeco Bioenergy
(Spain); Aston University (United Kingdom); Aarhus Universitet and Kilian Water
(Denmark); the European research media center, youris.com (Belgium); INTEMA
(Argentina) and IMTA (México). The iMETland project aims at unleashing the
small community economies potential through innovative wastewater
treatments technologies, creating a virtuous circle connecting water, energy,
ICT, land resources and safeguarding the environment. Some of the results
presented in this thesis (Chapter 3 and 4) were obtained during the course of
iMETland (www.imetland.eu).
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The second project, METAHOME, Microbial electrochemical strategies
oriented to a sustainable and decentralized urban waste water reuse, was
funded by the Spanish Ministry of Science, Innovation and Universities
(CTM2015-71520-C2-1-R). The initiative aimed to take advantage of the
metabolism of the electroactive bacteria to change the paradigm of

decentralized water purification through the design, construction and validation


http://www.imetland.eu/

of a compact prototype designed to clean-up and disinfect the water generated
by an isolated dwelling, allowing its reuse for irrigation, sanitary tanks, etc.

Some of the results of this thesis were associated to this project.
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Last, the author participated as well in the ELECTRA Project, Electricity
Driven Low Energy and Chemical Input Technology for Accelerated
Bioremediation, (2019-2022). An EU-China initiative funded by the Horizon 2020
Framework Programme of the European Union (GA 826244). The ELECTRA
consortium consists of 22 partners from 6 European countries (BE, GR, IT, DE,
HU, ES), 1 associated country (CH) and China. The ELECTRA project is a 4-year
Research Innovation Action consisting of one EC- funded consortium working
closely together with a NSFC (Natural Science Foundation of China)-funded
Chinese consortium. The ELECTRA consortium aims to jointly develop and test
highly innovative electrobioremediation technologies; first at laboratory scale,
and then under environmentally relevant conditions in both China and Europe.
The field in which this thesis has contributed is in the treatment of water
contaminated with nutrients with METLand technology (Chapter 2 and 5)

(www.electra.site).
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Another result of this thesis (Chapter 4) is the contribution to a patent

application:
- International Patent application under PCT program. Authors: Esteve-
Nufiez A, PradoA. Berna A, Esteve R. Dominguez A. App number:
PCT/ES2017/070160.


http://www.electra.site/

During the PhD thesis development, the author made numerous national

and international scientific visits.

Within the framework of national scientific visits, the author was at CENTA
(Foundation Center of New Water Technologies, Seville, Spain), coordinated by
Dr. Juan José Salas, to validate different METs applications on a pilot scale.

In addition, the author supervised the construction of the bioelectrochemically-
assisted manure wastewater treatment system at the Animal Nutrition Institute
(Zaidin Experimental Station (EEZ) -CSIC) (Granada, Spain).

Within the framework of the European project iMETland, in 2018, the
author was a visiting scientist for 3 months in the group of Dr. Carlos A. Arias at
the Biosciences Department, Area of Aquatic Biology from Aarhus University
(Denmark). During this period, the author collaborated in studies devoted to
measure electron flow through electric potential at different depth profiles.

Such experiments are fully included in Chapter 4.

Within the framework of the European project ELECTRA, in 2019, the
author was a visiting scientist in the group of Dr. Matthias Kastner at the
Department Environmental Biotechnology from Helmholtz Centre for
Environmental Research - UFZ, Leipzig (Germany). During this period the author
participated in the construction of METland systems at laboratory scale in order

to evaluate the removal of micropollutants in wastewater.
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CHAPTER 2:

WITHIN A BIOELECTROCHEMICALLY-
ASSISTED CONSTRUCTED WETLAND
(METLAND®)

This section has been redrafted after:

Amanda Prado de Nicolds®®, Raul Berenguer<, Abraham Esteve-NuGfez2"9. 2021. Within a
bioelectrochemically-assisted constructed wetland (METland®): giving insights on
wastewater treatment through the analysis of materials, performance and electroactive
communities. Submitted to Chemical Engineering Journal.
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Within a bioelectrochemically-assisted constructed wetland
(METland®): giving insights on wastewater treatment through the

analysis of materials, performance and electroactive communities

ec-
biochar

@

& Geobacter sp.
| #§ Heterotrophic bacteria
Electrochemical

Bed material METland® 7 7 syntrophies

2.1. Abstract

METland® technology consists of a bioengineering strategy for treating
wastewater by integrating microbial electrochemical concepts into constructed
wetland systems to enhance pollutants removal. In this context, we have
constructed planted (/ris sibirica)biofilters to assess the impact of four different
bed materials (electroconductive coke, electroconductive biochar, non-
electroconductive biochar and gravel) on (i) wastewater treatment efficiency
(COD and nitrogen removal), (ii) bioelectrochemical response, and (iii) role of
microbial communities. Electroconductive materials outperformed non-
conductive ones allowing removal rates as high as 175-180 g COD/bed-m® day
capable to support footprint as low 0.6 m?/pe. In contrast, the highest nitrogen
removal rates were achieved with non-conductive biochar in presence of plants
(80 %) regardless the anoxic conditions of the assay. This was confirmed by the
presence of annamox bacteria like Planctomycetes. Furthermore, the presence
of a marked electric potential profile along the bed height in electroconductive
materials together with redox pairs (cyclic voltammetry analysis) demonstrated
an effective electron flow from bottom to uppermost layers of the bed
(geoconductor mechanism). In electroconductive biochar, such effective

conductivity-based model co-exists with a geobattery mechanism due to



presence of electroactive phenolic and carbonyl/quinone groups and/or
microporosity. Microbial biodiversity analysis revealed the impact of plants just
at the upper layers of the biofilters where roots and Rhizobium predominate.
Bacteria from genus Clostridium were dominant in gravel inert material; in
contrast, bacteria from genus Geobacter and Trichococcus outcompete the rest
of communities for an effective colonization of carbonaceous beds, suggesting

their main role as part of the electrosyntrophies mechanism after METland®.

Key words: Microbial electrochemistry; constructed wetland; Metland®;

electroactive bacteria; wastewater treatment; electroconductive biochar.

Nature-based solutions (NBSs) are technologies that rely on naturally
occurring processes and simultaneously provide environmental, social and
economic benefits. Indeed, they are a real solution to worldwide challenges like
mitigating the deterioration of water resources caused by ineffective
wastewater treatment . Constructed wetlands (CWs) are a
common example of NBS that mimic natural wetland to passively treat
wastewater. Many CWs use substrates to support microorganisms and plants
that can remove contamination from the water being treated . This
environmentally friendly technology has been widely implemented throughout
the world due to its simple mode of operation, low cost, and high efficiency
treating various types of wastewater . However,
compared to conventional biological technologies, CWs have a large footprint of
land required and limitations for pollutants removal

.Thus, there is a pressing need for exploring strategies to intensify

pollutants removal in CWs.

To overcome this limitation, the integration of microbial electrochemical
technologies (MET) with CWs represents a promising approach
. METs are based on the ability of electroactive bacteria (EAB)
to exchange electrons with electrically conductive materials
. The EAB can oxidize organic pollutants present in wastewater that

would be otherwise slowly degradable in conventional CWs because they



transfer excess electrons to an electrically conductive bed materials so electron
acceptor limitation is minimized . The most widespread way
to incorporate METs into CWs aim to harvest electrical energy from organic
pollutants through the so-called microbial fuel cells (CW-MFCs)
. This strategy has shown success at lab scale for harvesting
energy from complex wastewater
; however, power generation higher than mW range
seems difficult due to internal resistance between the electrodes, which

increases linearly with the size and distance

An alternative strategy to overcome the scaling limitations to merge MET
and CW has recently generated a hybrid technology known as METland®
. This new-born concept requires a complete
replacement of the conventional bed material (gravel and sand) with an
electrically conductive material, a never-ending source of terminal electron
acceptor to support the microbial catabolism of pollutants
Originally, METland® was designed to operate under flooded conditions and
short-circuit modes as snorkel electrodes
The natural redox gradient between the bottom of the
electroconductive bed and the naturally oxygenated surface greatly enhanced
microbial oxidative metabolism . The existence of such
electron flow along the METland® bed was demonstrated by measuring the
profile of electric potential along distances larger than 40 cm
and, interestingly, such electron flow can also be
controlled by integrating artificial devices so-called e-sinks [20] . Full scale
METlands® using large electroconductive carbonaceous-based biofilters, have
been implemented in diverse geographic regions while achieving COD removal
efficiencies of 90% . Furthermore, they are

proved to be environmentally sustainable after LCA analysis

Conventional CWs include vegetation, mainly for absorbing nutrients,

excreting oxygen into the rhizosphere, providing a surface for bacterial



attachment, and supporting microbial community biodiversity, as well as
preventing the substrate clogging
. However, the plants contribution in METland® regarding nutrient removal
exist but it is low in comparison with the microbial role due to the high loading
rate (ca. 15 gN/m?day) used to feed such bioelectrochemical systems
In bioelectrochemical-assisted constructed wetlands like
METland®, the electrically conductive carbonaceous material provides a
competitive advantage for EABs
to efficiently interact with the bed material. These interactions promote the
accepting and/or donating of electrons by creating electrochemical syntrophies
between bacteria which stimulate their metabolic activity

allowing for increased removal rates.

Efficient extracellular electrons transfer (EET) is key for co-metabolic
partnerships. There are two main pathways for EET. First, EET mediated by the
conductive bed material itself (Conductive-particle-mediated Interspecies
Electron Transfer/CIET) where the conductive particle acts as a vector for EET.
The second is the direct exchange of electrons between microbes or Direct
Interspecies Electron Transfer (DIET) . The model
electrogenic microorganism Geobacter sulfurreducens plays a key role in this
electron transfer. It acts as a conduit between the heterotrophs that oxidize
organic compounds and the electroconductive bed
Here, material properties play a key role in the bacteria-material electron
transfer . It is thought that the electrically conductivity of the
material may be crucial for effective electron transfer what has been referred
to as “geoconductor” mechanism . Carbon-based materials that
present oxygen surface groups may act like-quinones allowing
these materials to store electrons (on carbon basal plans or chemical bonds).
These electrons may be reversibly exchanged in biogeochemical processes,
furthermore these mechanisms have been associated with geocapacitor and

geobattery behaviours

This work aims to understand the complex functioning of a METland® and

identify the key factors that determine the systems efficiency for wastewater



treatment. We explored the impact of the physicochemical properties of the
conductive material on wastewater treatment efficiency. Finally, we explored
how these properties, in combination with plants from /ris sibirica genus,
affected the development of bacterial communities, specifically the role that
Geobacter may play as a key electroactive bacterial genus in the performance

of this solution.

Every biofilter consisted of a 2.2 L polyvinylchloride (PVC) cylinder
(diameter: 90 mm, height: 35 cm) with an up-flow feed. One perforated pipe for
sampling was placed inside every biofilter. The lower side of every cylinder was
drilled (4 cm diameter hole) in order to sample the bed granules from the bottom
layer. Every hole was sealed with a butyl septum. Biofilters were filled with
abiotic materials as previously described and dead volume was approximately

50% of the total volume.

Four couples of biofilters were built ( ). Each couple of biofilters was
hosting the following materials: electroconductive coke (ecC), electroconductive
biochar (ecB), non-electroconductive biochar (ncB) and gravel (G) as inert
control, all supplied with same granulometry (1.5 - 3.0 cm) by METfilter SL.
( ).

Four biofilter made of all different materials were planted with /ris sibirica
freshly harvested from the Botanical Garden from University of Alcal3, (Alcala
de Henares, Spain). In a first step, the plants were acclimatized to wastewater
in a full-scale METland® (10 m?) at IMDEA Water facilities. The wetland plants,
with one rhizome density per unit, were rinsed three times with tap water before
being transplanted to the biofilter of the current study. Their roots shown
lengths of 7.5 + 0.8 cm and plants had stems with an average length of 27.0 + 2.4

cm.
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Figure 2.1. Scheme of electrochemically-assisted biofilters made of four materials:
(gravel, nc-biochar, ec-biochar and ec-coke) operating up-flow in absence or presence

of plants.
2.3.2 Characterization of Bed materials

Electrical conductivity measurements were carried out by using a Lucas
Lab resistivity equipment with four probes in-line (Miccoli et al, 2015). The
samples were dried under vacuum for 24 h and shaped into pellets of 0.013 m
diameter by applying a pressure of 7.4-108 Pa. The porous texture was
characterized by N2 adsorption/desorption at 196 °C and by CO; adsorption at 0
°C (in the case of microporous samples), using a Quadrasorb-Kr/MP
(Quantrachrome Corporation) equipment. Samples were previously outgassed
for 6 h at 150 °C under vacuum. The specific surface area (Sger) and the micropore
volume (Vor(N2)) were calculated from the N2 adsorption-desorption isotherms
by using the BET and Dubinin-Radushkevich equations, respectively (Rios-Del
Toro et al., 2018). The mesopore volume (Vmes) was calculated as the difference
between total pore volume (Vogss, volume at relative pressure of 0.995) and
micropore volume . The narrow micropore volume

(Vor(CO2)) and the narrow micropore surface area (Aor(CO2)) were estimated for



both types of biochar by applying the Dubinin-Radushkevich equation to the CO2
adsorption isotherm . The pore volume and
dimensions were further characterized by Hg intrusion-extrusion porosimetry,
with a PoreMaster 60-GT porosimeter (Quantachrome Instruments) using a
pressure range from 6.84 to 408330 kPa. The Washburn equation was utilized

to relate the applied pressure with the pore diameter

The amount and nature of surface oxygen groups present on the carbon
materials were studied by temperature-programmed desorption (TPD)
experiments in a simultaneous TGA/DSC 2 equipment (Mettler-Toledo) coupled
to a mass spectrometer (ThermoStar GSD 301 T, Pfeiffer Vacuum). In these
experiments, around 20 mg of the carbon sample were heated up to 1000 °C at
20 °C/min under a He flow rate of 100 mL/min. Upon heating, surface oxygen
groups on carbon materials decompose producing CO and CO: at different
temperatures as a function of their thermal stability .The
quantification of the evolved CO and CO: groups was done by using a calcium

oxalate monohydrate calibration and considering the CO disproportionation.

The biofilters were housed indoor with constant temperature of 27°C and
12 hours of lighting with full spectrum led lamp (from 380nm to 800nm) for

indoor plants.

The eight systems were operated in parallel to study the influence of
several elements, including bed material and plants. Systems were fed with
urban wastewater (860 mg/L COD, 65 mg/L NH.* and no NOs°). The biofilter were
operated in a continuous up-flow mode with an HRT of 2 days, using a peristaltic

pump (Watson-Marlow®).

The start-up period lasted 10 days, then steady state conditions were
reached in all systems. The study of water contaminants, including COD and N
species, was carried out during both the start-up and steady state periods. To
evaluate the quality of the water, samples of the influent and effluent were taken
from all systems every three days. The COD was analyzed following a standard

method and NHs* and NOs~ were monitored by ion



chromatography using a Metrohm 930 Compact lon Chromatograph Flex.
Removal efficiencies were calculated as percentage of the inlets. Removal rates
were obtained from the inlet-outlet difference as COD grams per cubic meter of

bed material per day.

In addition, oxygen concentration profiles were made in-situ, measured
with a fiberoptic oxygen meter (FireSting 02, Pyro-science) along the entire

depth of the systems, taking measurements every 5 cm.

2.3.4.1 Electric potentials profiles with depth

To measure the electric potential (EP) two reference electrodes shielded
silver/silver chloride were used . These reference electrodes
are more insensitive to redox-active compounds than the liquid ones. One
reference electrode was placed in the upper layer of the biofilter below the
surface of the water. Both electrodes were connected to a digital voltmeter. The
difference of the potential between both reference electrodes was measured
along depth every three centimeters in all the systems. These profiles were
performed in each of the eight systems at time 0 (abiotic conditions) during the
start-up period (10 days) and in the steady state (20 days), all of them with
wastewater as electrolyte. The overlying water signal value was used as a
reference potential to normalized all the profiles. This value was subtracted
from all the values in the profile. The results are a normalized electric potential

depth profile.
2.3.4.2 Cyclic voltammetry of single granules

The microbial electrochemical response was studied by cyclic
voltammetry (CV) in a single chamber cell. Single granule CVs were performed
in the upper and lower location of every biofilter. From each, three independent
granules (considered as replicas) of ca. 1 cm? were selected from upper and
lower environment of every biofilter. A butyl septum sealing the lower part of
the system was used to access the lowermost bed. Furthermore, every granule

was perforated and hooked by a non-conductive thread so they could be easily



identified and selected during the course of the experiment. Actually, granules
were back to the biofilter after CV analysis. Such procedure allows bacterial

biofilm to grow during the course of the assay.

To perform the CV, the granules were hooked by a gold wire in order to
make electrical contact and behave as a reliable working electrode (A. Prado et
al., 2020). The CV experiments were carried out in a conventional three-
electrodes single chamber at 10 mV/s in a potential range between -0.6 V and
0.6 V (vs. Ag/AgCl). A HANNA HI-5311 glass body Ag/AgCl (sat.) electrode with
ceramic junction was used as reference electrode, whereas a 2x3 cm Ti/Pt
mesh, attached to a copper wire protected by heat shrink tubing, acted as a
counter electrode. All the electrodes were immersed in anaerobic phosphate
buffer 100mM deoxygenated with N: and acetate 10mM. Three CVs were
performed to each of the chosen granules over time: t0 (abiotic conditions), t10

days (start-up period) and t20 days (steady state).

2.3.5.116S Metagenomic Sequencing

To identify the microbial diversity and composition in different biofilter and
locations, a sample of bed granules (15ml) was taken from top and bottom
sections in every biofilter. The samples were stored at -20°C before DNA
extraction. The DNA extraction, PCR amplification, and high-throughput
sequencing were performed by external service for genomic analysis (Institute

of Biotechnology and Biomedicine, UAB, Barcelona).

The V3-V4 region of the 16Sr DNA bacterial gene was amplified by a
polymerase chain reaction (PCR) using the 338F/806R primers. The protocols of
which were set according to Klindworth et al. . A high-
throughput sequencing analysis was conducted using Illumina- MiSeq from

Servei de Genomica i Bioinformatica (Barcelona, Spain).
2.3.5.2 Scanning electron microscopy SEM

For scanning electron microscopy (SEM) analysis, granules with biofilms

were taken from each reactor, upper and bottom sections of every biofilter (16



samples in total). Granules were fixed in 5% (v/v) glutaraldehyde in 0.2 M sodium
cacodylate pH7.2 for 60 min. Granules were then washed twice with 0.2 M
sodium cacodylate pH7.2 for 10 min. The fixed granules were dehydrated in
ethanol series (sequentially in 25%, 50%, 70%, 90% and 100% ethanol for 10 min
each), acetone 100% 10 min and substituted with anhydrous acetone for 12 h in
refrigerator. The fixed granules were dried with a critical-point drier using liquid
CO2 and coated with gold for 2 min (E1030, Hitachi, Spain) at 100 V and 100 mA.
The coated granules were examined with an SEM (model DSM 950, Zeiss) at 3.5

kV.

Removal efficiencies were calculated as a percentage of the total inlet
concentration of pollutants. Removal rates were obtained from the inlet-outlet
difference as grams per cubic meter of bed per day. The error bars in the bar
graphs represent the standard error of the mean. The values include in the bar
graphs correspond to the average value of the measurements taken at each
operation period (start-up and steady state). In order to validate the true effect
of the bed materials under each operation condition, statistical procedures were
conducted with these 3 measurements using R software and R-commander

package

The alpha diversity index, including Shannon and Simpson diversity index,
ACE and Chaol estimation and the dendrogram and PCoA graphs, were provided

by the Servei de Genomica i Bioinformatica (Barcelona, Spain).

Nature-based solutions, like constructed wetlands, are a sustainable
technology for treating urban wastewater where bed material is a matter of
current research. Actually, the use of electroconductive material for making the
biofiltering bed led to large enhancement in microbial biodegradation of organic
pollutants as shown by recent

In this context, we aimed to explore the impact of the

bed material and plants from genus /ris sibiricaregarding: i) treatment efficiency



(COD and nitrogen removal), ii) microbial diversity and iii) bioelectrochemical

response.
2.4.1 Characterization of biofilter materials: physico-chemical properties

The textural, structural and chemical properties of the bed materials play
a key role on the microbial activity and/or colonization, so the four materials:
gravel, ec-coke, ec-biochar and nc-biochar were characterized. The features of
the gravel and ec-coke were previously reported . Essentially,
the siliceous material did no present electrical conductivity and a very smooth
surface without micro- (diameter (d) < 2 nm), meso- (2 < d < 50 nm) or macro-

pores (d > 50 nm). On the contrary, the ec-coke exhibited a high conductivity of

~10.4 S/em ( ) and a remarkable rough morphology ( ) which
accounts for a porosity of 37 % ( ), as deduced from Hg intrusion curves
( ). Besides, this material stands out for its poor surface chemistry, with
a low content of oxygen functionalities ( ), and the lack of micropores
( ) and mesopores (
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Regarding the two types of biochars, the main distinguishing feature was
their electrical conductivity ( ). The conductive one (ec-biochar) showed
a conductivity of 0.6 mS/cm, which was 5 orders of magnitude larger than the
one measured for non-conductive biochar (2.6E10-* mS/cm), but much lower (ca.
18000 times) compared to that of the ec-coke (~10.4 S/cm). These differences
were attributed to their different graphitic microstructures ( ) that, in

fact, may arise from their distinct precursors and preparation conditions.

On the other hand, both type of biochar displayed exclusive textural and
chemical properties. First, the biochar samples exhibited more uniform pores
than the others materials used as bed ( ), typical of vascular and cellular
systems of the vegetal precursors . Particularly, the ec-
biochar presented distorted slit-like pores ( ), but quite a similar
percentage of macroporosity (about 40 % in ) and pore size distribution
(between 0.1 and 40 pm, in ) compared to the ec-coke. For the nc-
biochar, well-defined cylindrical channels of variable size were observed (

). In this sense, the defined peaks in the pore size distribution of this
material ( ) reflected the uniformity of its pore structure, revealing also
the existence of smaller pores of less than 100 nm. Accordingly, the % of porosity
in the nc-biochar was considerably larger than that for the other tested carbon

materials (ca. 54 % in ).

Second, both biochars exhibited a well-developed microporosity, and
especially narrow microporosity (as deduced from Acoz > Sger), which was larger
in the case of the ec-biochar ( )- In this sense, it should be stressed that
the micropores of the nc-biochar were so narrow that they were inaccessible
to N2 gas probe (see N:; adsorption-desorption isotherm in ). By
contrast, the ec-biochar showed a combination of both narrower and wider
micropores (large Seer and Acoz values in ). Particularly, the volume of
ultramicropores (d < 0.7 nm) in the ec-biochar and nc-biochar were 0.226 and
0.169 cm?/g, giving rise to specific surface areas (Aor(C0O2)) of 625 and 395 m?/g,

respectively ( ).



Third, the concentration of oxygen surface groups in the biochar materials
(between 2200-6600 umol 0/g) was remarkably larger compared to ec-coke
( ). In this case, however, the largest amount of these functionalities
corresponded to the nc-biochar. Besides, the figure distinguishes between both
the CO2- and CO-evolving groups. Deconvolution of TPD profiles ( )

indicated that carboxylic-like functionalities stand
out among the COz-evolving groups, while phenolic and carbonyl/quinone ones
clearly prevail among the CO-evolving ones. The former could participate in the
interaction with the bacteria proteins and/or biomolecules, whereas the last
groups have been associated to electron transfer processes with electroactive

bacteria

To study the growth of biofilms in the different granules, their surface was
explored by scanning electron microscope (SEM). As shown in ,
granules from the top and bottom layer of each system (planted and unplanted)
were taken after 20 days of operation. At the top of the four planted beds, roots
were clearly visible. These structures served as support for bacterial growth
and had a positive effect on the microbial community, promoting greater
morphological and species diversity. Furthermore, filamentous species, like
phylum Actinobacteria, were very present on the surface of the granules of both
biochar-based beds ( ). Furthermore, in the upper granules of the non-
planted systems a high morphological diversity was observed, while no
filamentous species were present in the gravel pebbles. This density and
diversity of species can be attributed to the presence of aerophilic or
microaerophilic species ( ). In the granules of the bottom layers,
differences were only found between materials, and not due to the effect of the
plant. The SEM micrographs of the gravel granules showed a biofilm that was
visually less dense. As for the granules of carbonaceous materials, biofilms
developed as a compact and homogeneous layer of cells, which even penetrated

through the channels presented in the biochar-based materials.



The impact of the bed material was evaluated by measuring the COD and
nitrogen removal efficiency in combination with the microbial biodiversity
associated to the process. In addition, the growth of the plants was monitored
to evaluate their role in the different bed materials. All biofilters were
independently operated up-flow with urban real wastewater under continuous
mode. Two stages were analysed separately: the start-up period (days 0-10) and

the steady-state (day 10-20).
2.4.2.1 Removal of organic pollutants

The bioremediation of the organic pollutants present in urban wastewater was
monitored through the evolution of COD values. Thus, some dependence
between the electroconductivity of the material and bioremediation was
observed from the very beginning of the assay during the start-up period (

). Once steady-state was reached, METland® treatments led to removal rates
as high as 175-180gCOD/m?day, outperforming gravel biofilter by 80 %. Such
material-mediated bioremediation generated effluents with COD values in a
range as low as 70-80 mg/l, in contrast with effluents from gravel biofilter that
were poorly cleaned-up (300-400 mg/l) under same TRH of two days ( ).
In terms of performance, electroconductive bed (either ec-coke or ec-biochar)
exhibited the best response, followed by the nc-biochar that still outperformed
the gravel by 50-60 % ( ). If all that WWT performance data are
translated into the context of constructed wetlands (CW) we can anticipate our
anaerobic electroconductive biofilters would accept a hydraulic loading rate as
high as ca. 250 mm/day (0.6 m?/pe) in contrast with the conventional values of
30 mm/day (3-5 m?/pe) used in constructed wetlands operated under horizontal
subsurface flow rate ( ). Indeed, such design values are in the
same range of METland® units already constructed for treating urban

wastewater (iMETland European H2020).



Planted systems o Non-planted systems

1000 10
= 800 T 800
| a
o 600 =]
2 N 2 600 .
o 400 o 400 -
o] I 2
O 2004 | _ . 8 200 = -
0 | 1| T 0 NS Tl
10 days 20 days 10 days 20 days

I-Inf 1 G =ncB mecB lCI

COD concentration at the influent (black) and effluent of every biofilter: gravel
(orange), nc-biochar (yellow), ec-biochar (green) and ec-coke (grey), operating up flow
during 0-10 days and 10-20 days, in the planted systems (up) and non-planted systems
(down). Red line: European discharge limit = 125 mg/L (Council Directive 2000/60/EC of
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To gain further insight into the different performance of the different
biofilters, we proceed to analyse the composition of the microbial communities
colonizing all bed materials ( ). Once the biofilters were operated under
steady-state regime, the gravel (control biofilter) was mainly colonized by
bacteria from genus Clostridium. Such strictly anaerobic Clostridium
populations were likely responsible for the rapid fermentation of carbohydrates
from wastewater. In contrast, in all our carbon-based biofilters systems, the
most abundant genus was Trichococcus, an aerotolerant genus that was
reported as electrode colonizer elsewhere

. Furthermore, species of this genus were described to perform

direct or hydrochar-mediated EET inside anaerobic digesters
Trichococcus typically exhibits a fermentative metabolism,
capable to convert sugars and polysaccharides into acetate. Interestingly,
acetate is the main electron donor for bacteria from the genus Geobacter, the

model microorganism in electromicrobiology

, also detected in our electroconductive biofilters
but not in the inert gravel systems. Finally, it should be noted that Pseudomonas
were detected in the upper locations of the systems, especially those made of

biochar-based materials. Some species of this genus have been described as



electroactive, such as Pseudomonas aeruginosa, Pseudomonas alcaliphila and
Pseudomonas fluorescens ( ). In ours assays the most abundant
species were Pseudomonas xanthomarina and Pseudomonas guangdongensis,

also detected in an electroactive biofilm as organic acids oxidizer
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The bar graph shows the relative abundance at genus-level. The figure shows
the most important genera in each region of each system: a) upper layer of planted
systems, b) lower layer of planted systems, c) upper layer of non-planted systems and

d) lower layer of non-planted systems.
2.4.2.2 Removal of nitrogen

All systems were fed with urban wastewater free of either nitrate or
nitrite but with a constant concentration of ammonium (65 mg/l). Ammonium
removal was vastly affected by the bed material and, to a lesser extent, by the
growth of plants from /ris sibirica. During the starting up period, all biochar-
based biofilters already supported ammonium removal as high as 78 %, in
contrast with gravel, that showed a very poor response if any at all. However,
once the system reached the steady state, all planted systems exhibited
ammonium removal efficiency in a range from 40-80 % ( ). Furthermore,
the presence of plants led to increase the efficiency exhibited by non-planted

systems by 10-20 %. Interestingly, in terms of the material, ammonium removal

was the highest in planted biochar-based biofilters (>80 %).



Ammonium removal from effluents can occur via microbial assimilation
or nitrification. The last is a typically (but not exclusive) oxygen-based two-step
process, where ammonium is first converted to nitrite by ammonia oxidizing
bacteria (AOB) from Nitrosomonadales order. Then, the nitrite is converted into
nitrate by nitrite-oxidizing bacteria (NOB) .The high-
throughput sequencing analysis for microbial biodiversity ( ) revealed
that AOB reads were high enough in all systems to support the existence of
ammonium oxidation. However, the number of AOB reads was slightly higher in
gravel, what correlates with a greater impact of vegetation regarding
ammonium removal. This could be related with the fact that plants adapted to
flooded conditions present the ability to supply oxygen from the atmosphere to
their roots providing a terminal electron acceptor (TEA) for nitrification. In
absence of plants, such a TEA role could be played by carbonaceous material,
like ec-coke, ec-biochar and nc-biochar biofilters in a similar way that annamox
bacteria oxidize ammonium in absence of oxygen. Indeed, some anammox
bacteria seem to couple NH.* oxidation to the reduction of carbon-based
insoluble extracellular electron acceptors
In this context, Planctomycetes was an anammox bacteria detected in our
carbon-based biofilters, representing in all cases a significant increase
compared to the influent. Species of this order, such as those from genera
Brocadia, Kuenenia, Jettenia and Anammoxoglobus are able to anaerobically
oxidize ammonium, using NO2~ or NO as intracellular electron acceptor

. METlands®, made of electroconductive coke or ec-
biochar, could be good environments for the development of such microbial
populations. Actually, EET-dependent anammox process may outperform
conventional anammox process by avoiding the production of greenhouse gas
like N20. The actual role of such annamox communities in our ec-biochar for

enhancing anaerobic ammonium removal is being currently investigated.
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Denitrification is the second stage of the elimination of nitrogen in
wastewater, which typically occurs under anoxic conditions by denitrifying
bacteria (DNB). Interestingly, neither nitrate nor nitrite were detected in the
effluent from our biofilters, suggesting that it was effectively consumed by DNB
associated to the electroactive biofilm. The number of readings for these
bacteria was always higher in biofilters made of carbon-based materials, at
least twice as compared to the gravel system ( ). Dissimilatory nitrate
reduction to ammonium (DNRA) is also possible in a two steps process via
nitrite without intermediates . The read numbers of DNRA
bacteria were significantly higher in gravel systems and ec-coke system, what

could correlate well with the lower removal of total nitrogen in such systems.



2.4.2.3 Performance in planted and non-planted biofilters

Iris sibirica acclimatized and grew well in presence of wastewater with
all different materials as substrate. Gas transport from the air sections of the
plant into the rhizome fine roots is driven by specific areas of tissue known as
aerenchyma. The release of oxygen in the roots causes the formation of an
oxidative protective film directly on the root surface with a thickness between
1-4 mm This constant
release of oxygen in the rhizosphere led to a great diversity at the very top of
the biofilters, with the nitrogen fixing genera Rhizobium and Herbaspirillum as
the most abundant ( ). Although the plant roots supplied oxygen, it was
quickly consumed by the aerobic rhizosphere microorganisms, so oxygen was
not detected along the depth of the systems and the water column was naturally
kept under anoxic conditions. Thus, at the bottom location of every biofilter no
major differences between the planted and non-planted systems were detected
in terms of biodiversity ( ). This is consistent with the fact that rhizosphere
did not reach the deep layers, so the differences in the microorganisms

populations will be just a consequence of the effect of the bed material.

2.4.3.1 Electric potentials depth profiles

The up-flow operation of a conventional biofilter made of an inert material
(gravel) typically leads to a microbial metabolism limited by the availability of a
terminal electron acceptor. In this system, oxidation of pollutants and reduction
of terminal electron acceptors are coupled both temporally and spatially

In contrast, our METland® design overcomes these limitations by
means of an electrically conductive material capable of transferring electrons
from deeper layers, where the oxidation of organic pollutants mainly occurs
(anodic reactions), towards the uppermost layers, where reduction reactions
predominate (cathodic reactions). METland® under up-flow configuration
operates as single electrode (snorkel mode) so, due to the absence of an
external circuit, electrical current cannot be directly measured in contrast with

standard microbial electrochemical systems However, we



measured the flux of electrons through the biofilter materials by monitoring the
electric potential profiles

along the bed ( ).

The in-depth EP profiles were also correlated with microbial activity. The
EP profile in the very early stage of operation (time 0) was negligible (the
electrode potential was roughly zero), even for electroconductive systems (see
the results abiotic in ). Initially, these bed materials were abiotic so
biofilm was still not developed around the bed granules. Without electroactive
communities capable of oxidizing organic compounds and donate electrons to

the material, hence, there was no flux of electrons ( ).

Over time, however, EP profiles became wider because of the
electroactive biofilm development. Thus, once the steady state was reached (20
days), the microbial oxidation of organic pollutants was high enough to support
a vertical flux of electrons towards the uppermost layers. At that time, EP
profiles showed differences between the tested systems ( ), indicating the
impact of the bed material on the flux of ions, and consequently on the flux of
electrons. Biofilters made of inert material like gravel cannot support electron
flux along the bed, so the EP depth profile showed no variations at all. In a
similar way, the EP depth profiles for nc-biochar system were flat, due to the
high ohmic resistance of this material. This suggests that this material cannot
act as a geoconductor, disabling the transfer of electrons directly to/from the
carbon matrix. However, the lack of conductivity did not prevent it from playing
a role as geobattery, a mechanism based on the hydroquinone-quinone (HQ/Q)
reversible redox reaction able to stimulate microbial activity

. In contrast, biofilters made of electrically conductive materials,
ec-biochar and ec-coke, showed a remarkable EP response with depth,
confirming an electron transfer in the vertical axis ( ). The electrons
produced by the EAB migrated to the uppermost material because of the redox
gradient. The electrically conductive materials resistance also affected the EP
profiles. The lower material resistance (ec-coke system, system with less ohmic
drop), the greater flux of electrons. Interestingly, the biofilter made of ec-

biochar showed a miscellaneous behavior: geoconductor and geobattery. An EP



depth profile could be observed due to some electroconductivity of the material
(geoconductor mechanism), but flatter than the ec-coke EP profile. Interestingly,
as a consequence of the electrical resistance of the material, the bottom section
showed an ohmic drop impact greater than the one from redox gradient, which
makes geobattery processes predominate, promoting the presence of
electroactive microorganisms with mediated electron transfer. Those electrons
donated to carbon-bound mediators, such as quinones and humic-like material,
will not migrate directly through the material to the upper layers of the bed and,

therefore, will not contribute to the EP profile slope.
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Electric potential (EP) depth profiles of tested biofilters along depth at each
time (abiotic, 10 days and 20 days) of gravel (orange), nc-biochar (yellow), ec-biochar
(green) and ec-coke (grey) bed, in planted (up) and non-planted (down) systems. EP

profiles were measured with a shielded Ag/AgCl electric potential electrode.

The use of vegetation ( up) should generate a greater vertical redox
gradient since the roots were supplying oxygen into the system. However, we
did not observe such an effect. A possible reason may be that this oxygen would
be directly consumed by rhizosphere-associated communities in presence of
organic compounds from root exudates . If so, oxygen
would not be really available for cathodophilic bacteria associated to the

uppermost layer of the electroconductive material. This was confirmed by the



highest concentration of bacteria of the genus Rhizobium found in the upper

layer of the planted systems ( ).
2.4.3.2 Cyclic voltammetry of single granules

Cyclic voltammetry (CV) is a standard electrochemical tool to
characterize electron transfer between microorganisms or biofilms and
electrodes through direct
detection of redox signals and electrochemical reactions

To investigate the evolution of the biofilm and determine the
electrochemical activity of the electrode materials, single granules CVs were
performed at different stages of biofilm formation (day 0, starting-up and
steady-state) from different bed locations (upper and bottom layer). CVs were
recorded during non-turnover (NTO), conditions in absence of electron donor.
Application of certain potentials can disrupt biofilms either by producing
hydrogen or by inducing unfolding/ oxidation of adsorbed
proteins at oxidizing potentials , S0 we just performed

the analyses at a scan rate of 10 mV/s from 0.6 V to -0.6V vs. Ag/AgCL.

Independent granules were taken from the system just before the
electrochemical analysis, and their electrical resistivity was measured. A first
round of CV was performed on granules from ec-coke (2 Q/cm), ec-biochar (20
0/cm) and nc-biochar (200 O/cm) at time 0 to identify redox signals in biofilm-
free material. The slope of the voltammogram was directly proportional to the
ohmic resistance of the material ( ). Despite the resistance of the

materials, no redox peaks were observed before microbial colonization.

In the case of nc-biochar no redox peaks were observed in material at the
start-up and steady-state stages. This is consistent with the poor conductive
nature of the material. However, after 20 days of operation (steady-state) the
slope of the voltammograms increased with time, as well as the capacitive
current recorded in all the granules ( ). This could be explained, because
the biofilm growth may have clogged the micro and mesopores, reducing the

flow of ions and, therefore, increasing the resistance due to ohmic drop.



In the case of ec-biochar granules ( ), an evolution of the
voltammograms was observed over time. During the start-up process, an
increase in capacity was observed. Furthermore, the capacitive current of the
voltammograms after 20 days together with the electric resistance of the
material, might mask the presence of small faradaic currents from microbial
nature. Slow reactions may not be detected because due to the fast potential
shifts caused by the scan rate. Thus, as the scan rate increases, the kinetics of
interfacial electron transfer between redox proteins and electrodes strongly
affects the voltametric response, even hiding the kinetics of continuous
enzymatic turnover. The fact that no clear CV shape was observed for ec-
biochar granules could also suggest that such material was originally colonized
by mediator-based electroactive community and, unfortunately soluble redox
mediator cannot be detected when a single granule was analysed in an

independent electrochemical cell.

Finally, the CVs curves of the ec-coke systems under non-turnover
condition ( ) revealed that formal potentials from all voltammograms
were similar and in accordance with literature data typical for wastewater-
derived biofilm and the oxidation and reduction peaks evidenced the presence
of redox-active species . In contrast with
the biochar-based analysis, the CVs of the ec-coke granules ( ) showed
the greatest evolution over time. From a very flat voltammogram in biofilm-free
granules, the material evolved to eventually show a capacitive current and slight
oxidation after 10 days of operation. Once steady-state was reached, such
features became more remarkable and the capacitive current was considerably
higher than the bioelectrocatalytic current densities. This capacitive current was
due to a non-catalytic activity, because the presence of both redox-active
microbiological moiety and exo-polysaccharide matrix. To calculate the formal
potential of the oxidation-reduction pair that appeared in the upper planted and
lower non-planted ec-coke systems the first derivative of such CVs (steady-
state) was performed ( ). The formal potential value for the redox pairs
that appeared, Eoc = -220 mV (vs. the Ag / AgCl), was in accordance with the

literature data for non-turnover CVs of biofilms enriched from primary



wastewater . On the other
hand, the voltagram recorded on the granule of the non-planted bottom ec-coke
system ( ) showed a redox couple. The formal potential was -201 mV (vs.
the Ag / AgCl). Similar responses have been previously reported for the
oxidation of acetate by biofilms of single culture Geobacter sulfurreducens
. The currents densities reached under

steady-state were probably the result of a higher cell density at the electrode
surface or higher expression of membrane-bound electron transfer proteins
. This is confirmed by the presence of to the microbial

community results ( ) since in the ec-coke systems, electroactive
community with direct electron transfer were more abundant than the mediated

electron transfer, while the second was the most common in biochar materials.
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. Cyclic voltammograms of a single granule of nc-biochar, ec-biochar and ec-
coke from the non-planted bottom system at different stages (biofilm-free (black), 10

days (red) and 20 days (blue)). Scan rate 10 mV/s; phosphate buffer 100mM, acetate 10mM.

Microbial Extracellular electron transfer, either in form of DIET (Direct
Interspecies Electron Transfer) or CIET (Conductive-particle-mediated
Interspecies Electron Transfer) is currently trending topic in environmental
biotechnology field . Thus, such kind of syntrophies have a key
role in engineering applications for treating brewery wastewater in anaerobic
digestors or microbial electrochemical fluidized bed reactors

. In this context, the nature
of the material determines how extracellular electron transfer can be

stimulated. In our case, electrically conductive minerals, such as ec-coke,



promote the transfer of electrons through electronic channels and depends on
the electrically conductivity of the material. In biochar materials, humic-like
substances are also present acting as electron acceptors for microbial

respiration

In such syntrophic interactions, electroactive microorganism like those
from genus Geobacter play a key role

. So, we evaluated its relative abundance in our biofilters, both at genus

and species level (
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Geobacter bremensis

= Geobacter chapellei

m Geobacter humireducens
Geobacter hydrogenophilus

m Geobacter lovieyi
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Relative abundance of Geobacter (represented with pink colour intensity) at
different locations from biofilters made of a) gravel, b) nc-biochar, c) ec-biochar and d)
ec-coke. In bar graph: percentage of each Geobacter species of the total registered for
each location.

The highest presence of Geobacter occurred in the carbonaceous
materials, especially in the electrically conductive biochar (12 %); probably due
to the presence of quinone-like groups on the surface ( ). In the
carbonaceous materials, Geobacter bemidjiensis seem to predominate among

all Geobacter genus detected. Interestingly, this specie can couple not just



acetate oxidation but also end-products (butanol, ethanol, formate, lactate) from
fermenters to the reduction of EET respiration
. In contrast, the percentage of Geobacter found in the gravel bed

was no more than 0.05 %, with no clear dominance of a specific species.

In conclusion, the use of electroconductive carbon-based materials for
the construction of biofilters like METland® are capable of stimulating
electroactive microbial communities to perform an efficient extracellular
electron transfer and, eventually, greatly enhance pollutants removal in
wastewater. The low resistance of materials like electroconductive coke allow
to operate METland® following a pure geoconductor mechanism. However, the
fact that sustainable materials like biochar exhibit phenolic and
carbonyl/quinone groups able to support electron transfer opens an interesting
field for exploring new concepts in wastewater treatment. Indeed, the existence
of such a geobattery mechanism suggests that electroconductivity of the
material is not necessarily the only feature for selecting a material to grow
electroactive microbial communities like Geobacter. Ideally, we should deeply
investigate those materials able to couple, even spatially distant, microbial
redox reactions and accordingly carry out specific syntrophic and/or

cooperative metabolisms to maximize pollutant biodegradation.
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2.7. Supplementary Information

Physiochemical characteristics of bed materials.

ec- Coke (C) ec-Biochar (ecB) nc-Biochar (nc-B) Gravel (G)
Density (g/cm?d) 2.2533 1.7767 1.4272 2.6909
Sger (M?/g) 1.2 306 1.3 <1
Vosss (cm®/g) 0.006 0.177 0.006 0.000
Vor(N2) (cm®/g) 0.000 0n7 0.000 0.000
Vimeso (cm?/g) 0.006 0.059 0.006 0.000
Aor(CO2) (m?/g) 3 627 393 -—-
Vor(CO2) (cm?/g) 0.001 0.213 0.169 -—-
Vintruoen(Hg) (cm3/g) 0.2941 0.2205 0.0909 0.0124
Porosity (%) 45.95 36.81 53.07 1.61
COz (umol/g) 70 605 1950 -—-
COz (umol/g) 40 995 2725 -—-
0 (umol/g) 180 2200 6630 -—-
Conductivity [S/cm] 10.42 5.84*10-4 2.55*10-9 -—
Granulometry [cm] 1.5-3 1.5-3 1.5-3 1.5-3

BED MATERIALS

Scheme of how the cyclic voltammetries of single granules were carried out.
From left to right: (i) materials used as a bed, (ii) locations of selected granules, (iii) single

chamber to performed CVs.
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ec-Coke ec-Biochar nc-Biochar Gravel

Figure S2.6. SEM micrographs of granules from the eight systems (four material (G, ncB,
ecB andec C) and planted (P) and unplanted (NP)) at upper (sup) and bottom (inf) layer.

The granules were abiotic (A) and materials at day 20 (B).
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Influent and effluent COD concentration, removal rate and efficiency for the

different systems during 0-10 days and 10-20 days.

COD Concentration [mg L]

COD Removal rate [g/m3 day]

COD Efficiency [%]

Biofilter

Influent G ncB ecB ecC

G ncB ecB ecC

G ncB ecB ecC

Planted

862.0+3 508.0£20 259.3¢22 130.7+17 114.0217

80.45+4 136.9%6 166.2x3 170.0+3

41122 69.923 84922 86.8x2

Non-
planted

0-10 days

862.0+3 535.0+17 251.0«18 127.3215 107.7x15

74.3+3 138.923 166.9+3 171.4+3

37.9#2 70.9x2 85.2+2 87.5+2

Planted |862.0+¢3 319.3+4 153.7¢4 7

Non-
plantd

10-20 days

9.3x2

862.0+3 418.3+8 196.0¢4 89.3+3

88.023

69.3+4

123.3x1  160.9«1 177.9£1 175.9=1

100.8+¢2 151421 175.6%1 180.2#1

63.0x1 82.2+1 90.8«1 89.8z1

51.5#1 77.3#1 89.6¢1 92.0#1

Influent and effluent NHs* concentration and efficiency for the different

systems during 0-10 days and 10-20 days.

NH.* Concentration [mg L] NH.* Efficiency [%]

Biofilter | Influent G ncB ecB ecC G ncB ecB ecC
0 Planted [64.7¢0.5 65.4£2 14.0x4 28.0£3 58.5+13 0 78.4x5.3 56.7+4.8 9.3£3.3
©
=}
=) Non- |/ 7:05 67.8+14 21323 453:5 653212 0 67.2¢47  29.9+7.6 0
2 planted
o Planted [64.7£0.5 33.0%1 1141 10.7+1 28.3x4 49,11 82.3+2 83.4x1 56.2x7
2 N
8 oM 1647:05 37321 14523 229+1 24722 423s4  T7.7%3 64651 61824
S planted

Functional microbes in the eight reactors (four materials (G, ncB, ecB and

ecC) and planted (P) and unplanted (NP))

Name of bacteria INF  G-P G- ncB- NcB- ecB- ecB- ecC- ecC-
NP P NP P NP P NP
EAB total 268 1447 3223 6184 7869 21898 15808 2391 1787
AOB Nitrosomonadales 19 120 13 85 29 32 37 60 21
NOB  Nitrospirales 3 27 47 23 49 7 15 63 22
DNB  Bacillus 208 73 62 229 459 2163 379 229 139
Thauera 13 76 38 23 50 160 70 34 47
total 221 149 100 252 509 2323 449 263 186
DNRA Desulfovibrio 416 1258 2802 516 724 738 942 137 197
Anam. Planctomycetaceae 1 5186 5430 860 4224 441 1924 825 1759

EAB: electro active bacteria
AOB: ammonia oxidizing bacteria
NOB: nitrite-oxidizing bacteria
DNB: denitrifiying bacteria

DNRA: dissimilatory nitrate reduction to ammonium

Anammox
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Figure S2.7. Cyclic voltammograms of a single granule of nc-biochar from the planted
system (A: upper layer, B bottom layer) and non-planted system (C: upper layer, D:
bottom layer) at different stages (biofilm-free (black), 10 days (red) and 20 days (blue)).
Scan rate 10 mV/s; phosphate buffer 100mM, acetate 10mM.
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Figure 52.8. Cyclic voltammograms of a single granule of ec-biochar from the planted
system (A: upper layer, B bottom layer) and non-planted system (C: upper layer, D:
bottom layer) at different times (abiotic (black), 10 days (red) and 20 days (blue)). Scan
rate 10 mV/s; phosphate buffer 100mM, acetate 10mM.
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Richness indices of microbial community composition in the reactors.

Reads

Species

Simpson's

Simpson's

Shannon's

CHAO1

Sample numbers (obs) inverse index index Index ACE index
0 Inf 114318 1838 16.49 0.94 3.035 2584.81 2906.79
1 G-Psup 1325522 1969 49.75 0.98 3.754 2771.28 3131.22
2 G-Pinf 124664 1920 8.12 0.88 2.556 2744.87 3031.43
3 G-NPsup 114930 1M 16.34 0.94 2.924 2661.87 2881.92
4 G-NPinf 105297 1848 11.85 0.92 2.807 2660.50 2916.31
5 ncB-Psup 117288 2728 N7.91 0.99 4.151 3651.46 4053.76
6 ncB-Pinf 105286 2291 15.88 0.94 2.338 3207.34 3521.51
7 ncB-NPsup 94391 2201 9.05 0.89 2.818 2931.47 3279.36
8 ncB-NPinf 108053 2276 16.80 0.94 2.946 3059.93 3481.89
9 ecB-Psup 164642 2001 17.08 0.94 3.169 2916.80 3152.98
10 ecB-Pinf 163641 1801 23.88 0.96 2.857 2476.85 2773.96
11 ecB-NPsup 149400 1884 16.61 0.94 2.831 2796.37 3062.26
12 ecB-NPinf 148659 1782 10.67 0.91 2.885 2610.78 28717.02
13 C-Psup 15627 2158 36.50 0.97 3.200 3073.41 3428.59
14 C-Pinf 124771 2217 24.M 0.96 3.031 3087.04 3400.19
15 C-NPsup 5044 594 24.78 0.96 2.816 1049.27 1115.88
16 C-NPinf 101998 2048 16.74 0.94 2.612 2862.44 3188.58
0B 7
i)
* L I i
) i ® - = ]
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This scatterplot shows a Principal Coordinate Analysis (PCoA) of the

normalized relative abundance of all the seventeen samples. The PCoA measures

differences in the distribution of taxonomic classifications between samples at specie

level.



List of the electro active bacteria (EAB) and its main characteristics.

Level Species Electrod Electro Resp Spore Metabolism EA ED
e n forming
transfe
r
Bacilli Bacillus subtilis A&C (S)MET ANF yes Mon Sol Sol
Geobacillus sp. SZE A MET ANF vyes Mon Sol Sol
Lactobacillus plantarum A MET ANF vyes Mon Sol Sol
Staphylococcus carnosus Cc ANF vyes Mon Sol Sol
Streptococcus lactis A (S)MET _ANF yes Mon Sol Sol
Clostridium Clostridium aceticum C AN yes Org. Ac and CO2 Sol Flex
Clostridium acetobutylicum A&C MET AN yes Org. Ac Sol Sol
Clostridium butyricum A AN yes Org. Ac Flex Sol
Clostridium ljungdahlii C AN yes Org. Ac Sol Flex
Clostridium pasteurianum Cc DET AN yes Org. Ac Sol Flex
Clostridium propionicum A MET AN yes Org. Ac Sol Sol
Clostridium tyrobutyricum C MET AN yes Org. Ac Sol Sol
Desulfovibrio  Desulfovibrio desulfuricans A MET AN no Mon Sol Sol
Geobacteraceae Geobacter anodireducens A DET AN no Org. Ac Flex Sol
Geobacter bemidjiensis A DET AN no Org. Ac Flex Sol
Geobacter bremensis A DET AN no Org. Ac Flex Sol
Geobacter chapellei A DET AN no Org. Ac Flex Sol
Geobacter humireducens A DET AN no Org. Ac Flex Sol
Geobacter hydrogenophilus A DET AN no Org. Ac Flex Sol
Geobacter lovieyi A&C DET AN no Org. Ac Flex Flex
Geobacter metallireducens A&C DET AN no Org. Ac Flex Flex
Geobacter sulfurreducens A&C DET AN no Org. Ac Flex Flex
Geobacter uraniireducens A DET AN no Org. Ac Flex Sol
Geopsychrobacter
electrodiphil A DET AN no Org. Ac Flex Sol
Euryarchaeota  Methanobacterium palustre C DET AN no Org. Acand CO2f Sol Flex
Methanococcus maripaludis C MET AN no Org. Acand CO2f Sol Sol
Pseudomona Pseudomonas aeruginosa A&C (S)MET ANF no Mon Sol Sol
Pseudomonas alcaliphila A&C (S)MET ANF no Mon Sol Sol
Pseudomonas fluorescens A&C MET ANF no Mon Sol Sol
Rhodobacter  Rhodobacter capsulatus A DET ANF no Mon and CO" fix. Flex Sol
Rhodobacter sphaeroides A MET ANF no Mon and CO" fix. Sol Sol
Rhizobiales Rhodopseudomonas palustris A &C DET ANF no Org. Ac Flex Flex sol
Shewanellaceae Shewanella amazonensis A&C ANF no Mon Flex Sol
Shewanella decolorationis A ANF no Mon Sol Sol
Shewanella electrodiphila A ANF no Mon Flex Sol
Shewanella frigidimarina A (S)MET ANF no Mon Sol Sol
DET
Shewanella japonica A (SSMET ANF no Mon Flex Sol
Shewanella loihica A&C DET ANF no Mon Flex Sol
Shewanella marisflavi A ANF no Mon Sol Sol
DET
Shewanella oneidensis A&C (SSMET ANF no Mon Flex Sol
Shewanella putrefaciens A&C DET ANF no Mon Flex  Sol
Shewanella sp. ANA-3 A&C ANF no Mon Flex  Sol
Shewanella sp. HN-41 A (S)MET ANF no Mon Flex Sol
Negativicutes  Sporomusa ovata Cc AN yes Org. Ac Sol Flex
Sporomusa silvacetica Cc AN yes Org. Ac Sol Flex
Sporomusa sphaeroides C AN yes Org. Ac Sol Flex

Electrode activity
A: anodic
C: cathodic

Electron transfer

DET: direct electron transfer
MET: mediated electron transfer
SMET: self-synthesized mediator

Respiration
AN: anaerobic
F: facultative anaerobes

Metabolism

Mon: monosaccharides
Org. Ac: organic acids
CO02 fixation

EA: electron acceptor
EA: electron donor
Sol: soluble

Flex: flexible



Number of reads of each EAB species found in each region of each system.

S o [=—
o o (=3 c
o S5 %= n £ 53 u— 0 £ [-%
: 3 = £ o o £ o o > =

Species % t 2 £Ed&g zZ Z & & z = § tE & £

w o & Z zZ @ @ O @O @O @ @ m o a z =z

£ o000 o 2 2 2 2 9% @ @ @ o0 o o o
Bacillus subtilis 0o 0o 0 0 0 0 O 0 0 0 0 0 0 0 0 0 O
Geobacillus sp. S2E 4 4 1 0 0 0 2 4 7 2 10 1 % 3 2 1 2
Lactobacillus plantarum 0 0 0 0 0 O 0 0 0 0 0 0 0 0 0 0 O
Staphylococcus carnosus 0 0 0 0 0 0 O 0 0 0 0 0 0 0 0 0 O
Streptococcus lactis 0 0 0 0o 0 0 O 0 0 0 0 0 0 0 0 0 O
Clostridium aceticum 0 0 0 0 0 0 O 0 0 0 0 0 0 0 0 0 O
Clostridium acetobutylicum 0 0 0 0o 0 0 O 0 0 0 0 0 0 0 0 0 O
Clostridium butyricum 2 4 82 45 44 1 n 4 6 35 31 16 37 4 29 1 43
Clostridium ljungdahlii 0 0 4 1 6 0 3 1 0 1 0 0 1 0 0 0 O
Clostridium pasteurianum 0 0 o0 0 0 0 0 0 0 0 0 0 0 0 0 O
Clostridium propionicum 0 0 42 19 3 3 169 51 82 127 48 60 N4 44 131 2 378
Clostridium tyrobutyricum 0 1 18 2 16 0 0 0 1 0 0 0 0 33 M7 0 O
Desulfovibrio desulfuricans 2;' 215 718 257 716 67 346 173 293 307 360 199 274 217 5: 15 930
Geobacter anodireducens 1 0 0 0 0 0 0 0 0 0 2 0 0 0 3 1 0

i . 281 336 241 1091 325 1852 124 63 35

Geobacter bemidjiensis 2 0 6 17 1 0 7 1 4 6 1 4 2 4 s 17 5
Geobacter bremensis 0 0 1 1 7 0 224 466 299 2 4 21 1 2 0 0 O
Geobacter chapellei 0 0 3 1 2 0 37 17 10 8 290 53 7 0 3 0 1
Geobacter humireducens 0 0 1 0 1 0 o0 0 0 0 0 0 0 0 0 0 O
Geobacter hydrogenophilus 1 0 32 2 0 0 0 0 3 2 17 20 3 0 5 0 6
Geobacter lovleyi 07 8 1 0 1 0 5 6 n 3 4 10 53 6 0 12
Geobacter metallireducens 1 7 24 22 1 0 52 6 1M 47 193 961 170 36 127 3 305
Geobacter sulfurreducens 0 0 0 0 0 O 1 0 0 0 0 0 0 0 O
Geobacter uraniireducens 0 0 5 0 0 0 223 352 97 39 5 25 1% 1 0 0 0O
Geopsychrobacter o 0o 0o 1 0 0 1 o 1 3 0 1 0 1 0 0 0
electrodiphilus
Methanobacterium palustre 0 2 0 0 0 0 O 0 1 0 3 1 0 2 5 0 O
Methanococcus maripaludis 0 0 0 0 0 0 O 0 0 0 0 0 0 0 0 0 O
Pseudomonas aeruginosa T 1 0 1 0 0o o0 0 0 3 2 10 0 1 1 6 0
Pseudomonas alcaliphila 0 0 0 0o 0 O0 O 0 0 0 0 0 0 0 0 0 O
Pseudomonas fluorescens 0 0 1 0 0 1 0 0 0 3 1 0 0 0 0 0 O
Rhodobacter capsulatus o ¥'m 0o 3 0 0 1 0 0o 0o 1 0 0 3 0 3
Rhodobacter sphaeroides 0 0 0 0 0O O 0 2 0O 0 0 0 0 0 0 0 1
Rhodopseudomonas o 10 0o 0 0 0 O O 0 O O O 0O 1 0 O
palustris
Shewanella amazonensis 0o 1 1 0 0 0 O 0 0 0 0 3 1 0 0 0 1
Shewanella decolorationis 0 0 0 0o 0 0 O 0 0 0 0 0 0 0 0 0 O
Shewanella electrodiphila 0 0 0 0o 0 0 O 0 0 0 0 0 0 0 0 0 O
Shewanella frigidimarina 0 0o 0 0 0 O 0 0 0 0 0 0 0 0 0 0 O
Shewanella japonica 0 0o 0 0 0 O 0 0 0 0 0 0 0 0 0 0 O
Shewanella loihica 0 0 0 0 0 0 O 0 0 0 0 0 0 0 0 0 O
Shewanella marisflavi 0 0 0 0o 0 0 O 0 0 0 0 0 0 0 0 0 O
Shewanella oneidensis 0o o 0o o0 0 0 O 0 0 0 0 0 1 0 0 0 O
Shewanella putrefaciens 0 2 0 0 0 O 0 0 0 0 1 0 m 0 0 0 O
Shewanella sp. ANA- 0 0 0 0 1 0 O 0 0 0 0 0 0 0 0 o0 27
Shewanella sp. HN-41 0 0 0 0o 0 O0 O 0 0 0 0 0 0 0 0 0 O
Sporomusa ovata 4 2 1 2 0 0 6 2 2 4 8 42 4 15 60 0 0
Sporomusa silvacetica 0 0 1 0 0o 0 3 0 0 0 3 1 0 0 6 0 O
Sporomusa sphaeroides 0 0 0 0 0 O 0 0 0 0 0 0 0 0 0 0 O




CHAPTER 2: Within a bioelectrochemically-assisted constructed wetland (METland) |

Planted Non Planted

G- Psup G-NPsup

G- Pinf G-NPinf

ncB- Psup neB-NPsup

ncB- Pinf ncB-NPinf

ecB- Psup ecB-NPsup

ecB- Pinf ecB-NPinf

C-Psup C-NPsup

C- Pinf C-NPinf

I
NI

=3
F

50% 100% 0% 50% 100%

=DET = MET mDET =MET
Figure $2.12. Microbial community composition of the eight reactors (four materials (G,
ncB, ecB and ecC), planted (P) and unplanted (NP), and upper (sup) and bottom (inf) layer)

at phylum (A) and class (B) level.
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Figure 52.13. Microbial community composition of the eight reactors (four materials (G,
ncB, ecB and ecC), planted (P) and unplanted (NP), and upper (sup) and bottom (inf) layer)

at phylum (A) and class (B) level.
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u3Sh
= Sulfurgspirilum

Figure S2.14. This dendrogram shows a hierarchical clustering of samples based on
genus-level classifications. The barchart beneath each sample show the relative

abundance of its genus-level classifications.
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Electroactive biochar outperforms highly conductive carbon
materials for biodegrading pollutants by enhancing microbial

extracellular electron transfer

— » geoconductor
=) geobattery

polarized + 0.4 V

without polarization

The development and full-scale application of microbial electrochemical
technologies (METs) for wastewater treatment demand massive amounts of
electroconductive carbon materials to promote extracellular electron transfer
(EET) and biodegradation. While the potential capability of these materials and
their properties to design efficient systems is still in their infancy, the state-of-
the-art METs are based on highly-conductive fossil-derived carbons. In this
work we evaluate the performance of different electroconductive carbon
materials (graphite, coke, biochar) for supporting microbial EET and treating
urban wastewater. Our results reveal that the electroconductive biochar was
the most efficient biofilter-material, enabling to stimulate bioremediation at
anodic potential as high as 0.6 V (maximum removal efficiency (92%) and
degradation rate (185 gCOD m=3d-), and to fulfil the discharge limits under
conditions where the other materials failed. A deep materials characterization
suggests that, despite electroconductivity is necessary, the optimal EET on
biochar can be mainly assigned to its large number of electroactive surface
oxygen functionalities, which can reversibly exchange electrons through the
geobattery mechanism. We propose the modulation of quinone-like e-acceptors

by anodic polarization to promote the biodegradation capability of carbon



materials. Because of its great efficiency and sustainability, electroactive

biochar will greatly expand the applicability of METs at large scale.

Microbial Electrochemical Technologies (METs)
constitute a plethora of emerging technologies based in the
fascinating capacity of some microorganisms, so-called electroactive, for
establishing a direct redox interaction with electrically conductive materials.
Electrons produced by the metabolism of electroactive bacteria can be
transferred to an electrode, which acts as terminal electron acceptor as any
other natural acceptor like oxygen, nitrate or Fe(lll)-oxides
. The clear advantage of exploiting electro-stimulated
communities is that electrodes can boost microbial metabolism in anaerobic
systems that are typically electron acceptor limited. Electroconductive material
may represent an inexhaustible source of electron acceptors, hosting the
additional advantage of providing a more easily modulated redox potential
compared to standard, low-reducing redox species that generally drive these
systems . The redox potential of the electrode
depends on the chemistry and bioelectrochemistry around the electrode.
Moreover, the electrochemical characteristics of those microbial-assisted
devices can be simply controlled by altering their configuration. Thus, they can
be operated in different configurations, such as i) short-circuit Cell, with no
resistors between electrodes
: i) Microbial Electrochemical
Cell (MFC), able to harvest energy in the presence of a resistor
; and iii) Microbial Electrolysis Cell (MEC) by poising a
certain electrode potential through a potentiostat or a power source
. Regardless the configuration, one of the main
application of MET is the wastewater treatment, a process based on oxidizing

organic and inorganic matter coupled to a harvested microbial electrical current



In spite of the limiting number of MET-based technologies with potential
to reach full scale applications, there is at least one proved to be successful.
Such application was originally inspired by the biofilter concept in constructed
wetlands, a natural system for treating wastewater using inert material

. The integration of METs in the concept of a constructed
wetland resulted in the so-called METland®, a new hybrid technology for
treating urban wastewater in decentralized systems in a sustainable way with
no energy cost . The newborn configuration

was reported for the first time by constructing subsurface flow biofilters
made of electroconductive coke able to clean-up urban effluents at rates higher
that standard biofilters made of inert materials, like gravel. Such an
enhancement was exclusively attributed to a positive effect of the
electroconductivity of coke without any evidence of clogging classically

associated to biofilter systems

In this context, full scale applications of METland® using large carbon
biofilters (> 50 m3), are under construction at present . The nature
and properties of the carbon material may determine not only the performance
of the biofilter, but also the cost and sustainability of this technology. However,
the capabilities of different carbon materials have not been explored yet. Thus,
while the best candidates and/or the required properties that enable the
optimization of these systems are still uncertain, the potential impact of
METland® cannot be estimated. In addition, little can be deduced from literature
so far because the studies about electroactive bacteria and materials properties
are still in their infancy. First, the nature of bacteria extracellular electron
transfer (EET) mechanisms involved in METs is still controversial

. Second, despite numerous bacteria-electrode interactions have been
described in METs

, little is undoubtedly known

about the performance-determining electrode properties. This must be due to

the complex nature of carbon materials, showing a wide range of intercorrelated

properties, and the lack of systematic studies analyzing the effect of only a given

electrode property, configuration, etc. In this sense, whereas some authors point



out that the electroconductivity may be crucial for effective direct electron
transfer (e-transfer) from bacteria to carbon (graphitic) matrices
, what has been referred to as “geoconductor” mechanism, others suggest
that this reaction primarily needs the mediation of electroactive oxygen surface
groups . Because the transferred electrons can be stored (on
carbon basal planes or chemical bonds) and reversibly exchanged in
biogeochemical processes, both e-transfer mechanisms have been associated
to the so-called “geocapacitor” and “geobattery” behaviors, respectively
. Finally, most of the studies deal with MFCs
, aiming at generating electrical
power, so it is generally believed that the conductivity is the desired property of
electrodes to optimize the microbial activity in METs
. Hence, systematic studies on
the influence of the carbon material and its properties in METland® and other

METs are necessary.

On the other hand, environmental concerns arise from the utilization of
large amounts of carbon materials in full-scale METland® and other METs. In
this context, the replacement of highly conductive carbon materials obtained
from fossil resources, by those derived from renewable wastes, biomass and
natural polymers, constitutes a hot topic of circular economy and big challenge

among the scientific community

Given the lack of fundamental knowledge on the influence of carbon
properties in METs performance and e-transfer mechanisms; and the need of
more sustainable biofilter materials for large-scale applications, in this work,
the potential application of distinct carbon materials for wastewater treatment
in METland® was investigated for the first time. Special attention was paid on
the physicochemical and electrochemical characterization of these materials to
find out properties-performance correlations and more meaningful conclusions.
We demonstrate that the electrical conductivity is not the property determining
optimal EET and biodegradation performance, but it governs the current

production in these microbial electrochemical systems. Interestingly,



electroconductive biochar, exhibiting a large number of electro-active functional
groups, revealed itself as the most efficient and sustainable biocompatible
material for promoting microbial EET. Furthermore, we first propose the
continuous regeneration of electroactive e-accepting quinone functionalities on
biochar by anodic polarization to promote or modulate the biodegradation
performance of carbon biofilters. All these results are considered to greatly
progress the understanding of the e-transfer mechanisms on carbon surfaces

through the geoconductor and geobattery mechanisms.

The graphite (G) and the coke (C) were provided by METfilter SL. (Spain)
The biochar (QB) was produced from Quercus wood by Piroeco Bioenergy S.L. A
siliceous gravel (Azulejos Manchegos S.L., Spain) was used as a non-conductive
material (NC). All the materials had a granular structure with a particle size

ranging between 6 to 12 mm.

The surface morphology of the materials was studied by scanning
electron microscopy (SEM), using a JSM-840 JEOL microscope working at 15 kV.
X-ray diffraction (XRD) measurements were performed in a KRISTALLOFLEX K
760-80F diffractometer (Bruker D8-Advance) by using a Ni-filtered Cu Ka
radiation (A = 1.5416 A) generated at 40 kV and 40 mA. Diffraction data points
were recorded stepwise within 20 = 10-60° at a scan rate of 0.56 or 0.83°/min,
for the biochar or the rest of samples, respectively, with a scan step of 0.05° in
26. The crystallite dimensions (Lc or La), were calculated from the full width at
half maximum (FWHM) of (002) and (10) reflections, respectively, by using the
Scherrer’s equation . Raman spectra were recorded on a
Jasco NRS-5100 dispersive system using a frequency-doubled Nd:YAG 532 nm
laser, with a maximal spectral resolution of 1 cm™, and a Peltier cooled CCD
detector. Electrical conductivity measurements were carried out by using a

Lucas Lab resistivity equipment with four probes in-line. The samples were



dried under vacuum for 24 h and shaped into pellets of 0.013 m diameter by

applying a pressure of 7.4-108 Pa.

The porous texture was characterized by N2 adsorption-desorption at -
196 °C and by CO; adsorption at 0 °C (in the case of microporous samples), using
a Quadrasorb-Kr/MP (Quantrachrome Corporation) apparatus. Samples were
previously outgassed for 6 h at 150 °C under vacuum. From the N:
adsorption/desorption isotherm, the specific surface area (Sser) was calculated
using the BET equation . The micropore volume (Vt)
and the external surface area (At) were determined using the t-method. The
mesopore volume (Vmes) was calculated as the difference between total pore
volume (Vosss, volume at relative pressure of 0.995) and micropore volume
. The narrow micropore volume (Vcoz) and the
narrow micropore surface area (Scoz) were estimated for the biochar by applying
the Dubinin-Radushkevich equation to the CO2 adsorption isotherm
. The pore volume and dimensions were further
characterized by Hg intrusion-extrusion porosimetry, using a PoreMaster 60-
GT porosimeter (Quantachrome Instruments) with applied pressures from 6.84
to 408330 kPa. The Washburn equation was utilized to relate the applied

pressure with the pore diameter

The surface chemistry of the carbon materials was analyzed by X-ray
photoelectron spectroscopy (XPS) in a K-Alpha spectrometer (Thermo-
Scientific) with MgKa radiation (1253.6 eV). For the analysis of the XPS peaks,
the C 1s peak position was set at 284.5 eV and used as reference to stablish the
binding energy of the other peaks. The amount and nature of oxygen surface
groups present on the carbon materials were studied by temperature-
programmed desorption (TPD) experiments in a simultaneous TGA/DSC 2
equipment (Mettler-Toledo) coupled to a mass spectrometer (ThermoStar GSD
301 T, Pfeiffer Vacuum). In these experiments, around 20 mg of the carbon
sample were heated up to 1000 °C at 20 °C/min under a He flow rate of 100
mL/min. Upon heating, surface oxygen groups on carbon materials decompose
producing CO and CO: at different temperatures as a function of their thermal

stability ( . The quantification of the evolved CO and CO:



groups was done by using a calcium oxalate monohydrate calibration and

considering the CO disproportionation.

The microbial electrochemical response was studied by cyclic
voltammetry in a H-type cell. Three different granules (one of each conductive
materials) of ca. 1 cm? were externally connected and used as working
electrodes in the same anodic chamber. The electrode potentials were referred
against an Ag/AgCLl/Cl-(sat.) electrode immersed in the chamber. This contained
200 mL of fresh water medium with 20 mM acetate as electron donor. Cyclic
voltammetry of each granule was sequentially performed, at 10 mV/s, just after
inoculation (t = 0) with 20 mL of Geobacter sulfurreducens pure culture (0D =
0.6); and after polarization of the granules at 0.2 V for 7 days (t = 7). Further
details can be found in the Supplementary Data (SD) file ( ).

Eight laboratory-scale up-flow biofilters were constructed to determine
the influence of the bed materials in the treatment of urban wastewaters. Four
of the systems were constructed with a single material/electrode and operated
as a snorkel configuration (see in the SD). This configuration did not
allow the conversion of microbial metabolism into electrical current to be
monitored, since the anode and cathode were not differentiated. The dimensions
of the snorkel biofilters were 24 cm high and 3 cm internal diameter, with a total
bed volume of 170 cm?® and a hydraulic volume of 100 mL. Each biofilter outlet for
the effluent was located at the top, which maintained the water level below the

bed’s surface.

On the other hand, the other systems were assembled with a three-
electrode configuration, allowing to harvest electrochemical information about
the process (see in the SD). These hybrid biofilters hosted one of the
electroconductive materials as anode of 78 cm?® (working electrode); a bed of 58
cm?® of pyrolyzed coke used as cathode (counter electrode); and a Ag/AgCl/Cl-
(sat.) reference electrode buried in the anodic bed for its polarization at a given
potential. In each system, the anode and the cathode were separated with 14 cm?®

of inert gravel; and they were externally connected through buried graphite rods



(1.5 cm x @ 0.2 cm, Sofacel) used as current collectors. In the case of the anode,
two buried graphite rods were used to ensure homogenous polarization of the
particles bed. This condition was confirmed by the constant potential of various
granules, registered in different parts of the bed, against the reference
electrode. Both, the anode potential and electrical current were monitored by
using different NEV-4 potentiostats (Nanoelectra S.L., Spain). Finally, a similar
system, but without current collectors and reference electrode, was

constructed as a control with the gravel material.

The different systems were operated in parallel to study the influence of
several parameters, including the bed material, the nature of wastewater
(synthetic vs. real urban wastewater), the hydraulic retention time and the
polarization of bed material at different potentials. In the case of synthetic
wastewater, biofilters were operated under batch and continuous mode (pulse
fed, HRT = 3.3 days) under snorkel configuration. On the other hand, for real
urban wastewater the biofilters were operated in continuous mode, fed by
pulses, with (i) two different organic loading rates (OLR= 170 mg/L and 890
mg/L), (ii) two different hydraulic retention times (HRT = 4 and 2 days) and (iii)
three different anode potentials (short circuit (non-polarized), 0.4V and 0.6 V vs.
Ag/AgCL/CLl- (sat.)). In this mode, the measurements started (time of experiment
= 0 days) after the systems were stabilized, i.e. when the pollutant concentration
at the outlet remained steady (error <5 %) for 3 subsequent days. This condition
was accomplished by subsequently passing and replacing three different
aliquots of the different wastewater, enabling adsorption equilibriums to be
reached. Therefore, adsorption effects on the reported results can be neglected.
The real urban wastewater was pretreated in an Imhoff tank, in the WWTP of
Carrién de los Céspedes (Sevilla, Spain), the chemical characterization appears
in Table S1. The biofilters were operated under continuous mode for 84 days (12
weeks). In all cases, the temperature was maintained at 30 °C in a temperature-

controlled room.



Samples were taken daily at the inlet and the outlet of the biofilters.
Acetate concentrations were determined by HPLC coupled to a diode array
detector (Varian). The chemical oxygen demand (COD) was analyzed following a
standard method . The theoretical oxygen demand (ThOD) of
acetate solutions was determined assuming the complete oxidation of carbon

atoms, according to the following stoichiometric equation:
C:Hs02 + 202 - 2CO2 + 2H20

Removal efficiencies were calculated as percentage of the inlets.
Removal rates were obtained from the inlet-outet difference as mol or grams
per cubic meter of bed material per day. The data provided in the bar graphs
(see and 3.5) correspond to the average value of 5 measurements taken,
during 5 successive days, after a steady response was reached. In order to
discern the true effect of the bed materials for each operation condition,
statistical procedures were conducted with these 5 measurements using R
software and R-comander package . The standard
deviation of these measurements is included in these bar graphs. Variance
analyses (ANOVAs) were used to determine statistical significance (p-value <

0.05) in the performance differences among the different bed materials.

The textural properties of the materials may play a key role on the
microbial activity and/or colonization, so they were characterized by SEM, Hg

porosimetry and gas adsorption. The non-electroconductive (NC) siliceous

gravel showed a smooth surface from milli- and micro-scale ( ) to nano-
scale, what was confirmed by the negligible volume of Hg intruded ( and
) or N2 adsorbed ( ) in this material. These features are in line

with the geological origin of this type of rocks, which were formed by weathering

and erosion.



By contrast, all the carbonaceous materials presented a differently rough
and porous surface. The graphite shows a heterogeneous surface ( )
combining relatively smooth with ridged regions of wrinkled sheets and cracks
of ca. 1-10 um. The coke granules present a very abrupt morphology with large
crater holes ( ). Finally, the biochar exhibits a developed porous
structure ( ), with regular pores of cylindrical morphology and different
dimensions. In particular, a series of big channels of 50-100 pm, surrounded by
several pores of around 1-5 pm ( ), prevail at this scale in the biochar.
In addition, the magnification of the inner walls at the bigger channels revealed
the presence of a large amount of well-arranged and defined transverse pores
of ca. 1-2 um ( ), that seem to interconnect the channels. This
extraordinary pore structure comes from the distinct channels and/or vascular
cells present in the original plant
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A-D) SEM micrographs; E) Hg intrusion porosimetry and F) the derived pore
size distribution of the bed materials before being used as electrogenic biofilters. NC,

non-conductive gravel; G, graphite; C, coke; QB, Quercus electroconductive biochar.

The porosity analysis by cumulative Hg intrusion curves ( ) clearly
indicates that the Quercus biochar can intrude a considerably larger volume of
Hg than the other materials. As shown in , the calculated total pore

volume (Vi) of the materials remarkably increases in the order NC << G < C < QB



up to ca. 1 cm®/g, whereas their density increases in the opposite order from

about 1.6 to 2.7 g/cm.

From the derived pore size distributions ( ), it can be inferred that
the graphite presents macropores (pore diameter (d) > 50 nm) with a wide
spectrum of dimensions and the coke material mainly contains pores above 10
um. Moreover, these materials contain no micropores (Vt) (d < 2 nm) and
mesopores (Vmes) (2 <d < 50 nm) (see N; isotherms- in the SD), thus,
showing a very low specific surface area (Sser) that is comparable to that of
gravel ( ). By stark contrast, the pore size distribution of the
electroconductive biochar revealed three defined peaks, with maximums at ca.
37nm, 950 nm and 44.5 um ( ). This porosity well agrees with the features
found by SEM ( , and ). In addition, this material presents
a large volume of micropores (Vt) and, mostly, of narrow micropores (Vco2)
(ultramicropores, d < 0.7 nm), leading to a specific surface area (ca. 550 m?/g)
much larger than the other carbon materials ( ). Furthermore, the N2
isotherm also revealed the presence of some mesopores in this sample (

), what is in line with Hg porosimetry ( ). Hence, the electroconductive
biochar exhibits a unique hierarchical pore architecture gathering ultramicro-,

micro-, meso- and macro-pores.

Textural, structural and chemical parameters of graphite (G), coke (C) and -
Quercus electroconductive biochar (QB) before and after being used, polarized at 0.6 V,

as electrogenic biofilter beds.
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[a] Specific surface area from BET model. [b] Total pore volume at A/P°= 0.995. [c] Micropore volume from ¢-
method. [d] Mesopore volume. [e] Specific surface area and [f] Ultra-micropore volume from Dubinin-
Radushkevich. [g] Total Hg intrusion volume. [h] Material density. [i] Position of the 002 peak. [j] Calculated
crystallite dimensions of the graphite crystalline structure. [k] Position and [l] width of the G band. [m] Integrated
CO0.- and [n] CO-evolving oxygen surface groups from TPD. [o] Total surface oxygen 0 = CO + 2 CO..

The structure of the bed materials was analyzed by XRD and Raman. A
detailed compilation of all the spectral parameters can be found in the SD
( and ), but most important ones are included in The X-
ray diffractograms of the gravel (see ) indicated that this material is
mainly formed of a-quartz (Si0;) microcrystallites. In the case of the carbon
materials, two characteristic diffraction peaks appear centered at around 26 =
23 - 27° and 42 - 44° ( ). The first peak is related to the vertical
ordering/stacking of graphene sheets aligned along the (002) plane in graphite;
whereas the second one is associated to the horizontal arrangement of these
sheets along the (100) plane

. In the case of the graphite, the center (26) of these peaks greatly
approaches that found for highly-ordered pyrolytic graphite (HOPG) at 26.53°
and 42.44°, respectively (see and ). This involves that the lattice
parameters (d-spacings along with ¢/a axis) of this sample are close to those
expected for graphite crystals, thus, reflecting its superior structural order. As
observed in the inlet of and , the diffraction peaks for the coke
and, in more extent, the biochar separate from those of the graphite. On the
other hand, the narrower these peaks are, the larger the Lc/La dimensions of
these crystals. The size of crystallites in the graphite were calculated to be ca.
630-650 A, and greatly decreased to 20-40 A and 10-20 A for coke and biochar,

respectively ( ).
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Normalized X-ray diffractograms (A) and Raman spectra (B); the electrical
conductivity from 4 probe measurements (C); and TPD (D) of the carbon materials used
as electrogenic biofilters. NC, non-conductive gravel; G, graphite; C, coke; QB, Quercus

electroconductive biochar.

Respect to Raman characterization, the observed two main bands of the
first-order spectrum of the carbon materials ( ), called the D-band
(~1340-1360 cm™") and the G-band (~1579-1599 cm™), provide information on the
structural defects or graphitic order, respectively, related to the degree of two-
dimensional orientation of the crystalline units. On the other hand, the overtone
of the D band in the second order spectrum, called the 2D-band (~2700 cm),
has been associated to the degree of three-dimensionally graphitic orientation

. In the case of graphite, the G-band position and
width, comparable to the values found for HOPG (vG = 1578-1582 cm-' and AVG =
17-20 cm™) , the relative low-intensity and
narrow D-band, and the high relative intensity of the 2D-band are all
characteristic of a graphitic material ( ). On the contrary, the wider D,
G- and 2D-bands, obtained for coke and Quercus biochar reflect their more
defective structure, which is exacerbated for the later. All these results point
out the poorer crystallinity (structural order) of the coke and, specially, the
biochar, and can be well correlated with their electrical conductivity ( ).
Thus, the studied graphite shows a high conductivity of around 15 S/cm, which is
in the order of these structurally ordered materials
Interestingly, this conductivity is ca. 40 and more than 40000 times higher than

those of coke and biochar, respectively.

The surface oxygen content of the carbonaceous samples, from XPS

analysis, was found to be 1.7; 6.5 and 16.7 wt.% for the graphite, coke and biochar,



respectively ( ). This trend is in line with the quantified evolving groups
during TPD experiments ( ). From the TPD profiles ( ), it can be
clearly deduced that the electroconductive biochar presents a remarkably
richer surface chemistry. Particularly, this material is by far characterized by a
large CO evolution from 500 °C, with a hump and a maximum at ca. 700 and 800
°C, respectively, which have been assigned to phenol and quinone/carbonyl
functionalities in carbon materials . These oxygen groups
have been found to be electroactive . Moreover, it contains a
considerable amount of oxygen surface groups evolving as CO; between 150-
400 °C, attributed to carboxylic-like functionalities, and some other groups, like
anhydrides and lactones, at higher temperatures . To
summarize, whereas the graphite and coke exhibit a higher conductivity
because of their superior crystalline structure (mainly in the former case); the
electroconductive biochar displays a higher surface area, a hierarchical pore
architecture and a richer surface chemistry, including a large amount of

electroactive oxygen functionalities.

The microbial EET capability of the different materials was studied by
cyclic voltammetry. compares the voltammetric profiles of a single
granule of each material before inoculation and after 7 days of promoted
(potentiostatic) biofilm growth. Just after inoculation (grey lines), the CV
revealed how the different materials display a redox couple attributed to surface
e-transfer (acetate - carbon electrode) mediated by cytochrome C of bacteria

. In all cases, the current density and/or charge involved in
this EET increased after biofilm growth (colored lines). However, evident
differences can be observed among the tested materials. First, the
voltammograms obtained from electroconductive biochar ( ) were
comparatively more tilted than those from graphite and coke ( ); a
response that can be related to the inherent lower electroconductivity of the
former material ( ). Second, the shape and current density of these
electrochemical processes, including its relative increase after biofilm growth,
depended on the nature of the biofilter material. Specifically, the coke and the

graphite show quite similar straight voltammograms with broad peaks and



relative increments of e-transfer capability after biofilm growth ( ).

Nevertheless, the current density of graphite is one order of magnitude higher.
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Steady-state cyclic voltammograms of a single granule of the different
biofilter materials just after inoculation (Geobacter sulfurreducens) (t = 0) and after
polarization at 0.2 V (vs. Ag/AgCl/Cl-(sat.)) for 7 days (t = 7) to promote biofilm growth;

scan rate = 10 mV/s; fresh water medium, 20 mM acetate.

On the other hand, the electroconductive biochar ( ) exhibited
much higher voltammetric currents throughout all the analyzed potential
window in comparison with the rest of tested materials, even just after
inoculation. This is assigned to the higher specific surface area of
electroconductive biochar ( ). In this case, however, the relative increase
in current density after biofilm growth seemed to affect to a narrower potential
window, leading to more intense and define peaks. As a result, the charge
associated to the e-transfer on the biochar was considerably larger than in the

case of graphite and coke. This may be due to a property unlike conductivity.

The mere presence of electroconductive material has been shown to
stimulate microbial biodegradation of pollutants in a number of studies [5-8].
Thus, we decided to explore such a response using the different materials
(graphite, coke, electroconductive biochar and gravel as non-conductive control

material) for constructing the biofiltering bed.
3.4.2.1 Biofilter performance for treating synthetic wastewater

The four biofilters were independently operated up-flow with acetate-

based synthetic wastewater under batch or continuous mode. The initial



concentrations of acetate were different depending on the operational mode. In
batch mode, the initial concentration of acetate was 40 mM, showing a ThOD of
1279.4 mg/L. When the biofilters were operated in continuous mode, the initial
acetate concentration was 20 mM (ThOD = 639.7 mg/L), to mimic the organic
compound content of a standard urban wastewater. Regardless the operating
mode, the residual concentration of acetate in the effluent was lower in those
biofilters whose bed was made of electroconductive material ( ).
Nevertheless, despite its lower conductivity, the electroconductive biochar was
the most efficient material for biodegrading acetate under any operating mode.
Particularly, in batch operation ( ) it removed 100 % of the acetate in 2
days (4.14 mol acetate m-3d™"), working at double rate than the other tested
conductive materials; in contrast, biofilter made of inert gravel only removed 25

% of acetate during the same period.

When operated under continuous mode ( ), the electroconductive
biochar biofilter showed also removal efficiencies close to 100 % after 2 days,
implying removal rates of 2.79 mol acetate m=3d. In this case, however, the
other two electroconductive materials were not able to remove more than ca.
70 % of the acetate even after 4 days of treatment (1.0-1.2. mol acetate m-3d-)

and the gravel was totally inefficient under these conditions.
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Evolution of acetate concentration in the biofilters operating in (A) batch and
(B) continuous (HRT = 3.3 days) mode. NC, non-conductive gravel; G, graphite; C, coke;

QB, Quercus electroconductive biochar.



3.4.2.2 Biofilter performance for treating real urban wastewater

In order to evaluate the performance of the biofilters under a more real
scenario, they were fed with a real urban wastewater under a continuous mode.
Moreover, in real scenarios the HRT and the OLR are critical parameters, so
their influences were analyzed. Statistical test revealed significant differences

(p < 0.05) in the COD from effluents at all OLRs and HRTs tested.

Respect to the effect of HRT, as expected, the effluent COD discharges
decreased, and the removal efficiencies increased, with the HRT, i.e. by
extending the biofilter-wastewater contact time. In the case of a 170 mg/L COD
influent, for example, the performances of both the coke and graphite biofilters
were within the limits of discharge of the European Directive 91/271/CEE

at a HRT of 4 days. In contrast, biofilters made of gravel required
an HRT above 4 days to fulfill the limits. Interestingly, only the electroconductive
biochar biofilter fulfilled the requirements of the directive for COD at HRT as low
as 2 days. Considering the more practical benefits of minimizing the HRT, the
following studies exploring both the influence of the OLR or the material

polarization were carried out at a HRT of 2 days.

Regarding the influent concentration (OLR), real urban wastewaters
typically show a variable nature according to human activity along the day. To
quantify the robustness of the system to variations in the organic load, the
biofilters were fed with influents showing 5-fold differences in COD levels: 170
and 890 mg/L ( ). As mentioned above, when the influent COD was 170
mg/L the only system that fulfilled the requirements of the directive for COD
discharge was the electroconductive biochar biofilter, which actually removed
COD at ca. 31 g m-3d.
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Under higher COD loads (890 mg/L), the electroconductive biochar was
also the biofilter with the best performance ( ). Moreover, the removal
rate was increased more than 4-fold in the different electroconductive biofilters,
specially up to 137 g m-3d™' for the biochar, while the gravel biofilter did not
remove more than ca. 37 g m=3d". Interestingly, in spite of the high
electroconductive nature of the graphite, its performance was worse than that
of coke. Hence, a remarkable conclusion is that the conductive character of the
carbon biofilters seems to be responsible of the their much better performance
than gravel, but something different to conductivity may govern the performance
among the carbon biofilters to explain the greater response of the poorly

conductive biochar.

3.4.2.3 Biofilter performance for treating real urban wastewater using polarized

beds

With the aim of exploring the role of the electroconductive bed for
accepting electrons from microbial metabolism, we constructed three
independent biofilters with anodic beds subjected to electrochemical control by
polarizing them at either 0.4 V or 0.6 V (vs. Ag/AgCL/Cl- (sat.)) and the produced

current was monitored. For comparison purposes, the biofilters were also



operated without polarization (NP) under short circuit mode. The systems
worked under continuous mode (HTR = 2 days), fed by pulses, with a high COD
load influent (ca. 800 mg/L). compilates the results in terms of

biodegradation and current production of the different wastewater treatments.

First, in respect of the biodegradation performance, the analysis of
variance (ANOVA) revealed significant differences (p < 0.05) among the tested
materials. As a general response, without polarization (NP bars in )
none of the studied biofilters was able to fulfill the discharge limits at such high
organic load. On the other hand, the anodic polarization of the electroconductive
biofilters (0.4 or 0.6 V) remarkably enhanced their COD removal capacity (

). In contrast, the gravel biofilter performance was not affected by
polarization, what is assigned to its non-electroconductive nature. Hence,
electroconductivity was found a necessary property to optimize the microbial

activity of the biofilters by external polarization.

Particularly, the polarized electroconductive biochar was the most
effective biofilter for cleaning-up wastewater among all the tested materials
and conditions ( ). At 0.4 V, the polarization of the electroconductive
biochar bed reduced (by 3.5-fold) the COD level at the effluent down to 100 ppm
( ), fulfilling the regulative policy. In this case the COD removal efficiency
greatly increased from 56 to 87 % (average value in ) and the removal
rate from 112 to 176 g m=3d-' ( ). For the other two conductive biofilters,
made of coke and graphite, the removal efficiency just increased in 6.1 and 19.4
% (up to 53 and 58 %, average values in ), respectively; what was not
enough, however, to fulfill the requirements of the directive for COD levels (

).

A further increase in the electrode potential up to 0.6 V resulted in a better
performance of the conductive biofilters by increasing the COD removal rates
( ). In this case, however, the most electroconductive biofilters (made of
coke and graphite) experienced the largest relative increments in COD removal
efficiency, 27 % and 18 %, respectively (vs the efficiency at 0.4 V). Nevertheless,
the removal efficiency of the biochar (92 % average, ) was still

considerably higher than those of coke and graphite (80 and 75 % average,



respectively, ). These effects were also observed for the removal rates
( ), reaching a maximum degradation rate of 185 g m=3d"' in the case of
electroconductive biochar. As a result of these different performances, the
effluent from the biochar biofilter (64.13 £ 5.3 mg/L COD) was again the only one
not exceeding the discharge limits ( ). Hence, by simple modulation of
the potential, the electroconductive biochar can clean up urban wastewaters
even with influents load as high of ca. 800 mg/L COD. Interestingly, such a higher
biodegradation performance of the electroconductive biochar biofilter suggests
some kind of EET process that was experimentally confirmed by the e-transfer

capability between bacteria from genus Geobacter and this material ( ).

Second, production of significant electrical current was detected and
monitored during the polarization assays ( ). Interestingly, the
progressive addition of new inlet media caused an immediate increase in the
electrical current production due to the microbial response. This current-
production profile was similar for all systems regardless the material used for
the bed. Thus, using the polarized materials as electron acceptors confirmed the

conversion of the microbial metabolism into transferable electrons.

In particular, by polarizing at 0.4 V the monitored average currents were
0.78, 3.65 and 6.13 mA for the biochar, coke and graphite biofilters, respectively
( ). This trend in current production seems to agree with the increasing
conductivity of these materials ( ). With an increment of the electrode
potential to 0.6 V, the average current in coke and graphite biofilters slightly
increased to 3.74 and 6.69 mA, respectively, in contrast with the practically
unaffected current from biochar ( ). From all these results, it can be
concluded that the raise in the electrode potential at higher values (at least from
0.4 to 0.6 V) to increase the COD removal capability and the current production
was less effective for biochar, the least conductive carbon biofilter. Another
important conclusion is that the current production in these polarized bed-like
biofilters is not directly correlated to COD removal, which generally increases

in the opposite order, this is graphite < coke < biochar, ( ).
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(A) Average effluent COD (showing discharge limit*); and (B) COD removal
rate, including + standard errors, in each biofilter submitted to different polarization
conditions (NP = non-polarized, in which the open circuit potentials were: -420 mV, -427
mV and -429 mV for the graphite, coke and biochar, respectively). (C-D) Evolution of the
COD removal efficiency (dots) and the microbial electrical current (lines) while treating
real urban wastewater using electroconductive biofilters anodically polarized at (C) 0.4
V and (D) 0.6 V (vs. Ag/AgCl/Cl- (sat.)). Influent COD = 800 mg/L; HRT = 2 days. NC, non-

conductive gravel; G, graphite; C, coke; @B, Quercus electroconductive biochar.

Regarding that the soluble electron donor (organic matter) present in
wastewater is not a limiting factor, this fact could be explained by different
reasons. Firstly, previous reports suggested the presence of alternative
biodegradation pathways, using methanogens
or sulfate-reducing bacteria , which do not contribute to
current production . Secondly, part of these “lost” electrons
could be utilized in the promotion of syntrophic metabolism by biochar-mediated
Interspecies Electron Transfer

. Thus, proposed that the electrons can migrate from
electron-donating to electron-accepting cells by inducing intrinsic charge

differences between sections of biochar . This intra-particle



electron migration, however, cannot be measured as current. In this sense, the
harvested current must be exclusively associated to the capability of the bed of
carbon particles to move and extract the electrons from their surface to other
particles and, finally, the current collector, i.e. to the inter-particle electron
migration. Such ability must be directly related to the intrinsic conductivity of
the material and its shape and conformation in the biofilter, i.e. the conductivity
of the particles bed. This is line with , who
suggested that the electrical conductivity may lead to a relatively longer-
distance transport of electrons through carbon matrices. Hence, the most
reasonable explanation could be a higher electrical resistance of the biochar
particles bed. This agrees with the lower conductivity of the biochar respect to
that of the coke and graphite ( ), together with the insignificant effects
on biodegradation by rising the potential of biochar biofilter from 0.4 to 0.6 V
( ).

On the other hand, although both galvanostatic ( ) and
voltammetric ( ) measurements reflect a greater microbial activity on
biochar, they seem to diverge in the relative capability of the different materials
for current production. It must be considered, however, that the experimental
conditions in these measurements were substantially different. First, in the case
of galvanostatic experiment, the nature of the e-donor (real urban wastewater)
was much more complex, showing lower coulombic efficiencies (CE ca.10 % or
below depending on the influent COD) than the
acetate-based medium (CE ca. 95 %) used in voltammetry.
Second, while the galvanostatic experiment was performed over a bed of
granules, a single granule was used for voltammetric analysis. The fact that
greater currents are registered on biochar when using a single granule, and that
the opposite occurs in the bed-like configuration, strongly supports the
occurrence of higher current losses (resistance) among the particles of the

biochar.



To understand the previous results, the nature of microbial
electrochemical processes should be considered. Although the involved
mechanisms are not fully understood, the e-transfer capability of carbon
materials (e-acceptors) with bacteria has been generally attributed to their
electroconductivity and/or the presence and mediation of
electroactive hydroquinone-quinone (HQ/Q) surface moieties

See a proposed scheme of these processes in

On the one hand, the electroconductivity-based mechanism, recently
referred to as the geoconductor behavior involves a direct e-
transfer to/from the carbon matrix (aromatic structure) and has been reported
for carbons prepared at higher temperatures, i.e. minimizing the contribution of
surface oxygen surface groups Nevertheless,
the promotion of direct interspecies electron transfer (DIET) for different
syntrophic associations of microorganisms in soils has been assigned to the
electrical conductivity in both low-conductive carbons, like biochar

, and more conductive materials, like
graphite . Indeed, not only the conductivity but also the
capability of the conjugated n-electron system of the condensed aromatic rings
in carbon materials to accept/donate electrons (redox character)

may contribute in this mechanism.

On the other hand, the mechanism based on the HQ/Q reversible redox
reaction was proposed to explain how biochars promote interspecies e-transfer
in soils acting as rechargeable reservoirs of bioavailable
electrons, i.e. the so-called geobattery behavior . However,
these specific (HQ and Q) functionalities were not experimentally observed or
quantified in most of these previous works. On the contrary, the TPD technique
has been used in this work to quantify the amount of these groups

. Most of the CO-evolving groups in , around 1000-1100 umol/g,

correspond to these types of functionalities. Then, it is reasonably to propose



that the considerably greater e-transfer capability ( ) and higher
biodegradation efficiency ( ) observed for the much poorly
conductive biochar is assigned to the larger amount of electroactive oxygen
functionalities. Similarly, the slightly better performance of the coke compared
to graphite, could be also explained by this mechanism (see the amount of CO-
evolving groups in ). Then, the bioelectrochemical response of the studied

biofilters seems to be governed by the geobattery mechanism.

Electrode
potential

Org.

co,

e-transfer

mechanism:
geoconductor Wlt_hDU_t
geobattery polarization

Scheme of the proposed geoconductor and geobattery e-transfer mechanisms
between bacteria and carbon materials, emphasizing their possible modulation,

externally, by polarization.

Concerning the kinetics of the process, it was reported that the direct e-
transfer (geoconductor behavior) through carbon matrixes is three times faster
than through HQ/Q processes . However, this study did not
consider the effect of the different material’s electroconductivity on the reaction
kinetics and, additionally it was carried out under abiotic conditions, by analyzing

the electron exchange between carbon electrodes and dissolved species



.In contrast, both the higher acetate and COD removal-rates (
) obtained in biochar-made biofilters in this work suggest that e-transfer
between carbon materials and bacteria is faster when mediated by HQ/Q

functionalities

The enhancement in removal efficiency upon polarization observed for
these electroconductive biofilters, together with the significant increase in the
COD removal rates ( ), is assigned to a stimulation of the biodegradation
rate of microorganisms on these systems. It has to be considered that a
polarization at 0.4 - 0.6 V (vs. Ag/AgCl/Cl) is remarkable, since the typical
environment in anaerobic biofilters reach a very negative redox potential (ca. -
350 mV vs. Ag/AgCLl/CLl). Interestingly, our polarized biofilters may support
bacterial growth able to exchange electrons with the material substrate at
oxidative potentials as high as 0.6 V, a value which is not far from the value
exhibited by oxygen (0.8 V vs. Ag/AgCL/Cl) in typical aerobic biological systems.
As a result, by providing an electron acceptor with a high potential using
electrochemical tools we may optimize the oxidation of the pollutants while

avoiding the cost of supplying oxygen into the liquid phase.

This modulation of the e-accepting capability of the biofilter supports the
occurrence of the geoconductor mechanism. Thus, the anodic polarization
causes a depletion of n-electrons from aromatic rings that may favor their e-
accepting capability from bacteria (see ). Despite such electron extraction
is expected to be easier at higher conductivity, the obtained results point out
that the polarization at 0.4 V causes a much greater biodegradation promotion
on the biochar ( ). This effect could be explained by the
electrochemistry of HQ/Q couple. In fact, several works on the electrochemistry
of biomass-derived carbon materials report that 0.4 V (vs. Ag/AgCl/CL") is a
high-enough electrode potential to oxidize hydroquinone (HQ) groups into
quinone (Q) ones . Considering that
these Q groups are the e-acceptors in the geobattery mechanism, the
polarization at 0.4 V greatly augments the number of e-acceptors on the biochar
and, therefore, its biodegradation ability. Furthermore, the HQ/Q is a well-known

reversible redox couple, so that, once the bacteria transfer the electrons to the



Q groups, and reduce them into HQ ones, the effect of the anodic polarization
may restore again the quinone functionalities (as schematized in ). From
the experimental results, this cyclical regeneration of quinone e-acceptors by
polarization is proposed to remarkably enhance the biodegradation rate and
efficiency of the carbon material. Moreover, this e-transfer from bacteria to the
continuously recycled quinones (geobattery mechanism) seems to be favored
against the e-transfer towards the e-accepting aromatic rings (geoconductor
mechanism). As a consequence, these results suggest that external polarization
enables the modulation of the e-accepting capability of carbon materials not
only through the aromatic rings (geoconductor mechanism), but also by

adjusting the ratio of HQ/Q groups (geobattery mechanism).

Nevertheless, the ca. 1000-times larger amount of CO-evolving groups
(those potentially electroactive) on the biochar ( ) cannot explain why
the removal efficiencies and rates of this material are “only” less than double
those of the conductive carbon materials ( ). This effect could be
reasonably explained by considering two facts. First, from this total amount of
oxygen groups, only those accessible to electroactive bacteria and/or possible
redox mediators may participate in e-transfer. Thus, XPS may provide a more
realistic estimation of the (most accessible) surface oxygen functionalities. As
it can be seen in , the proportion (%) of surface oxygen in the
electroconductive biochar is “only” 2-10 times higher than in the other materials.
Second, in a more amorphous and poorly conductive material like the biochar,
the anodic polarization must be necessarily less efficient, so that a great part of
its carbonaceous structure, including a large amount of potentially electroactive

Q groups, may remain electrically disconnected and unaffected by polarization.

Finally, the proposed modulation of e-accepting Q groups and the
electrical disconnection on poorly conductive biochar were confirmed when they
were polarized at 0.6 V. Thus, compared to 0.4 V, at 0.6 V the conductive
materials (coke and graphite) experienced a 20-30 % increment in COD removal
efficiency, whereas the biochar only a5 % ( ). If most of HQ groups on the
biochar were oxidized at 0.4 V (as hypothesized), then a further increment of the

electrode potential up to 0.6 V may lead to a lesser significant effect on the



generation of Q groups and on the biodegradation. In addition, if the structure of
this material is partly disconnected (as hypothesized), the e-accepting capability
of aromatic rings (geoconductor mechanism) may be not so influenced by a
higher potential than in the case of the high conductive materials. Consequently,
a further increase in the electrode potential mainly increases the biodegradation
capability of the most conductive carbon materials through the geoconductor
mechanism. In other words, despite being globally less important than the
geobattery phenomenon, the geoconductor mechanism becomes more
significant with the electroconductivity of the carbon materials when they are

polarized at higher potentials.

The bed materials were physico-chemically characterized also after
being used as polarized working electrodes at 0.6 V to study the biofilm
formation. The structural properties of the materials (XRD and Raman) were
found to be practically unaffected, whereas their surface-related features
changed after the wastewater treatment. The used gravel showed a surface
morphology very similar to that before usage and individual bacteria were not
discerned ( ). Nevertheless, the parallel decrease and slightly increase
in the relative intensity of the Si(2p) and C(1s) XPS core-level signals,

respectively ( ), suggested the formation of some biofilm.

On the contrary, more or less uniform biofilms were clearly observed on
the different carbon materials ( ). On the graphite, individual bacteria
were identified only on some smooth regions ( ), so that most of the
wrinkled graphite sheets were covered by a roughened biofilm ( ). As
observed in this figure, this biofilm closely imitated the surface morphology of
the pristine material, leaving the cracks and void regions unaffected.
Accordingly, the Hg intrusion curves of this material and the derived textural
parameters ( ) were practically identical before and after usage (

).
In the case of coke, the surface was totally covered by a biofilm ( )

and some individual bacteria were difficult to discern ( ). The biofilm was



so dense ( ) that it seemed to soften the crater-like holes of this material

(compare with ) and it even suffered from delamination in some
zones (inset of ). Thus, unlike graphite, the biofilm slightly reduced the
porosity of this material ( ), mainly affecting pores in the range of 20-10
um ( ).

SEM micrographs of the carbonaceous bed materials after being used as
polarized (0.6 V) electrogenic biofilters: (A-C) graphite; (D-F) coke; and (G-1) Quercus-

derived biochar.

The biofilm formed on the biochar was quite different ( ). The
magnified images of the biochar ( ) show that only the inner walls of the
larger channels were colonized by microorganisms ( ). This reflects
certain selectivity of the bacteria for zones with, up to now, unknown particular
features (dimensions, accessibility, etc.). Further magnification of these images
reveals that the biofilm presents a spherical morphology ( ). In addition,

it can be observed that, despite forming a continuous film, they do not



cover/block the pores of 1-2 um in the inner walls of the large channels (see the

). Hence, the biofilm was found to affect mainly the pores of d <300 nm
( and ), including the micropores (Vt) and ultramicropores (Vcoz),
reducing the specific surface area of this material ( ). The comparison of
surface chemical composition of the graphite and coke materials before and
after usage as biofilters shows a relative decrease in surface C wt% probably
related with the increase in 0 wt%, other heteroatoms (N, P, S) and metal
impurities, mainly Fe ( ). The same trend was observed for the biochar,

but in this case the 0 wt% was practically unaffected.
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polarized at 0.6 V. G, graphite; C, coke; @B, Quercus electroconductive biochar.

It is well-known that these elements O, N, P, S and Fe are essential

macro- and micro-nutrients for all organisms. Thus, although the original



carbon materials contain some of these elements and although some adsorption
from the contaminated water could occur, this more heterogeneous and
complex surface of the used materials is attributed to the presence of the biofilm
or its assimilated elements. In this sense, as a general trend, the biochar is the

material showing the largest gain in Fe, N and S nutrients.

The development of full-scale applications of METs for treating urban
wastewater (ca. 150 L/habitant) will demand enormous amounts of carbon
materials. In this context, the potential replacement of conductive carbon
materials produced from fossil resources, like coke and graphite, by
electroconductive biochars constitutes an attractive and sustainable strategy
based on circular economy. In addition, the high COD removal efficiencies of the
biochar will lead to such a remarkable reduction of biofilter dimensions and/or
area requirements to treat a given volume of water. Furthermore, considering
that the electroconductive biochar shows the lowest density among the studied
materials ( ), it can be easily deduced that a considerably lower mass of
this material will be necessary for treating a given volume of wastewater.
Finally, after its service life, the spent electroconductive biochar can be

reutilized as soil amendment for giving a second life to this material.

Respect to cost, at present the production of biochar is in the same price
range (400-600 euros/Tm) that cokes and graphites, which are obtained from
large chemical industries or mining and subjected to market changes. However,
the energy (thermal treatment) needed to prepare biochar is by far lower than
that used to obtain mineral conductive materials. Consequently,
electroconductive biochar production shows a lower CO: fingerprint, in addition
to its “carbon negative” feature for taking more carbon out of the atmosphere
than it puts back into it.

On the other hand, when polarized at 0.4 V and 0.6 V the biochar

biodegradation rates lead to effluents with 4.2- and 6.6-fold lower residual COD

values, respectively, than those produced by classical biofilter made of inert



gravel. Hence, the results of this work allow to expand the up-to-now estimated
potentiality of biofilter-based systems like the so-called METland® [5]. Even
more important, our results may help to discern which are the best properties
of a carbon material to optimize its performance for enhancing COD removal
and/or for current production in METs. Among these properties, the presence of
e-accepting quinone surface groups seems to be the essential to achieve higher
biodegradations efficiencies, whereas the conductivity is probably the property
determining the current-production. However, other typical properties of carbon
materials, not considered until now, could also participate in the promotion of
the biodegradation, so their study and understanding could lead to further

optimization of METs.

In this sense, the present investigation demonstrates that the biochar
exhibits various interesting features that cannot be found in the coke or graphite.
For example, the high micropore volume and the presence of mesopores and
small macropores (d < 300 nm) is exclusive of the biochar ( ). On the one
hand, it is well known that the micropores are essential for the biochar (and
other carbons) to storage electrons on the electrical double layer for energy
storage . The accumulation of a large number of electrons
from bacteria, effectively compensated by the adsorption of ions on the
micropores of the biochar, is likely to happen because of the low conductivity of
this material. This could contribute to explain why all electrons released by
bacteria are not “measured” as electrical current in our polarization assays (

). This agrees with the geobattery mechanism, in which biochars can
storage and reversibly exchange electrons . On the other
hand, it has been reported that small pores or other oxygen functionalities, like
the carboxylic ones, could act as physical or chemical anchoring sites,
respectively, to attach specific proteins or other functional parts of bacteria

. In addition, bigger pores may be necessary to host
bacteria and biofilms. Consequently, apart from the proposed e-transfer
mechanisms, the promotion of bioelectrochemical processes in METs could be
also determined by the capability of the carbon materials to host bacteria,

biofilms and/or electrons.



In this work, the performance of two fossil-derived and highly-
conductive carbon materials (coke and graphite) for stimulating electroactive
bacteria was compared with the one exhibited by biochar with lower
electroconductivity but presenting a large volume of different pores and a rich
variety of oxygen functionalities. Our studies revealed enhanced microbial EET
and higher biodegradation rates when biochar was used as bed material for
constructing biofilters under a wide range of operating conditions from non-
polarized to polarized conditions. This optimal biodegradation performance has
been mainly attributed to the electroactive oxygen functionalities on biochar,
whereas the electroconductivity of the material and that of the biofilter bed
determine the current production in these systems. Furthermore, we propose
the modulation and promotion of its e-accepting capability by polarization, not
only through the geoconductor mechanism, but also through the continuous
regeneration of quinone-like functionalities (geobattery mechanism). The higher
biodegradation efficiency showed by the electroconductive biochar (up to 6.6-
fold higher than inert gravel) and the sustainability associated to its production
(using renewable natural precursors at remarkably lower temperatures), will
satisfy all circular economy criteria to expand the applicability of METs to

biofilter-based systems like METland®.
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The characterization by cyclic voltammetry was carried out in an H-type
electrochemical cell ( ). The anodic and cathodic chambers were
separated by a proton exchange membrane (Nafion). Single granules of the
three different conductive materials (G, C and BQ) were used as working
electrodes, all in the same anodic chamber (under similar environment). The
granules of each material (of ca. 1 cm?) were attached to a wire for external
connection. An Ag/AgCl/Cl-(sat.) reference electrode was also placed in this

chamber. A graphite plate (3.0 x 1.5 cm) was used as a counter electrode.

The anodic chamber had a volume of 200 mL of Fresh Water Medium
(FWM) with 20 mM acetate as electron donor. This medium was inoculated with
20 mL of Geobacter sulfurreducens pure culture with an 0D=0.6. Immediately
after inoculation, a cyclic voltammetry of each of the granules was made
(experiment referred to as t=0). Next, the granules were simultaneously
polarized at 0.2 V (vs. Ag/AgCl/CL-) for 7 days to promote biofilm growth. After
this time, a cyclic voltammetry of each of the granules was made again

(experiment referred to as t=7).

The voltammetric analysis of the granules was performed sequentially,
one by one, using a potentiostat (Nanoelectra NEV-4). The scan rate was 10 mV/s
and the potential range -0.6V - +0.6V (vs Ag/AgCl/Cl-). For the potentiostatic
polarization, the three conductive granules were simultaneously connected to
the same potentiostat. Despite the different electrical resistances of the
different materials, the successful polarization (at the same potential) of each
granule was confirmed by using a multichannel multimeter (Keithley 2700)

connected in series between each granule and the reference electrode.



Scheme of the used H-type cell and experimental set-up to carry out the
voltammetric characterization of single granules of the different conductive materials
and the potentiostatic treatment to promote biofilm growth.

Scheme of the used laboratory-scale upflow electroconductive biofilters: A.
single-electrode (snorkel) configuration; B. three-electrode configuration, with the anode
(down), the counter-electrode (up), and the reference electrode (buried in the anode).
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N2 adsorption-desorption isotherms at -196 ° C of the bed materials before
being used as electrogenic biofilters: G = graphite; C = coke; QB = Quercus biochar; NC =
gravel.
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SEM micrographs of gravel before (A) and after (B) be used as material for
biofilter operation.

Width (FWHM) and position as well as the calculated interlayer spacing and
crystallite dimensions for the characteristic diffraction peaks of the graphite crystalline
structure for graphite (G), coke (C) and biochar (GB) materials.

Sample hkl® Fvl’;aw Peal‘zg”'c d's"“i}“gd (c/a) sfi?sffil/'iea)
A
G 002 0.180 26,577 3.35343 628
c | 002 | 3768 | 25404 | 3.50554 | 22
QB 002 8.392 23.520 3.78191 10
6 | 100 | 0309 | 42404 | 213130 | 653
c 100 3.846 43.207 2.09353 43
QB | 100 | 8050 | 43810 | 2.06611 | 20

a Crystallographic planes (Miller indices) of graphite.

b Full Width at Half Maximum.

c Position of the peaks corrected from the position of the standard Si.

d Distance between the planes of the crystalline lattice calculated from the angle of Bragg by the
law of Bragg

e Vertical (Lc) or horizontal (LA) microcrystal size calculated from the width of the peaks (002)
or (10), respectively, by the Scherrer equation.

Spectral parameters from the most important Raman bands; and quantified
CO02- and CO-evolving oxygen surface groups (0 = CO + 2C02) of graphite (G), coke (C) and
biochar (QB) materials.

D G 2D TPD
co; | CO 0
Sample A A In/lp*l A
P c‘r,rllj" cr:\?' c‘r::" cn‘:";1 D/';.+ ° c‘:\z:" cr‘:'[: umol | umol | umol
g’ g’ g’
G 13502 | 411 | 15795 | 213 | 50 | 27056 | 577 | 45 | 19 | 109
c 1359.0 1273 | 15987 575 | 427 | 26955 1300 | 49 | 38 | 178

QB 1343.5 | 182.0 | 1587.4 | 77.2 | 444 | 26945 | 283.0 | 683 | 1230 | 2596




Surface chemical composition according to XPS analysis for graphite (G), coke
(C) and biochar (QB), before and after being used as polarized electrogenic biofilter bed

at 0.6 V.
Sample Mass surface composition (%)

c 0 P s N Fe AO AN AFe

G 983 | 17 | 00 | 00 | 00 | 00 |
0.6 87.6 75 23 0.6 0.8 1.2 5.8 0.8 1.2

c 881 | 100 | 00 | 11 | 08 | 00 |
0.6 854 13 0.0 15 1.1 0.7 1.3 0.3 0.7

QB 810 | 167 | 09 | 04 | 09 | o0 [
0B0.6 77.6 155 1.9 1.0 1.7 2.4 1.2 2.4

Characteristics of influent real urban wastewater after the Inhoff tank

(average = SD)

Parameter Value Units
pH 7.2+ 0.4 -
Conductivity 1335 = 307 uS/cm
Dissolved oxygen 1.0£0.6 mg/l
Redox potential (ORP) -175 £ 55 mV
Total suspended solids (TSS) 166 = 111 mg/l
Volatile suspended solids (VSS) 117 £ 58 mg/l
BODs 238 =134 mg/l
cob 805 = 98 mg/l
Total nitrogen (TN) 51.7 £13.4 mg N/
Ammonium nitrogen (NH4N) 41.4 £15.5 mg N/
Nitrate nitrogen (NOsN) 20+4.38 mg N/L
Total phosphorous (TP) 71£3.0 mg P/l




Simultaneous characterization of porous and non-porous

electrodes in microbial electrochemical systems

Multi-electrode
bioelectrochemical system

Microbial electrochemical
response

Adequate electrochemical characterization of electrode material/biofilms
is crucial for a comprehensive understanding and comparative performance of
bioelectrochemical systems (BES). However, their responses are greatly
affected by the metabolic activity and growth of these living entities and/or the
interference of electrode wiring that can act as an electroactive surface for
growth or constitute a source of contamination by corrosion. This restricts the
meaningful comparison of the performance of distinct electrode materials in
BES. This work describes a methodology for simultaneous electrochemical
control and measurement of the microbial response on different electrode
materials under the same physicochemical and biological conditions. The
method is based on the use of a single channel potentiostat and one counter and
reference electrodes to simultaneously polarize several electrode materials in
a sole bioelectrochemical cell. Furthermore, various strategies to minimize
wiring corrosion are proposed. The proposed methodology, then, will enable a
more rigorous characterization of microbial electrochemical responses for

comparisons purposes.



Electroactive biofilms are of vital importance in the context of
fundamental research questions and for their potential exploitation in
engineering systems, such as bioelectrochemical systems (BES)

. Various electrochemical techniques, like chronoamperometry (CA)
and cyclic voltammetry (CV), are powerful tools for the study of extracellular
electron transfer (EET) of electroactive bacteria . Direct
correlation between the biofilm development and sustained electricity
generation along time could be established from analyzing
changes in CA and CV response and biofilm coverage for a given electrode.
Indeed, the electrode material has a crucial role on the growth of electroactive

biofilms and their EET and bioelectricity production capabilities

In order to perform CA and CV analysis for studying the electrode-
bacteria interaction, it is required to set-up a three-electrode with: a working
electrode (WE), a reference electrode (RE), and a counter electrode (CE). With
this set-up, polarization curves can be recorded by using a potentiostat, where
1) the potential difference between WE and RE is controlled, and 2) the electrical
current flow between WE and CE is measured . This three-

electrode system is called Microbial Electrolytic Cell (MEC).

MECs are constructed using a wide variety of electrode materials and in
an ever-increasing diversity of configurations. These systems are operated
under several physicochemical conditions that include differences in
temperature, pH, final electron acceptor, electrode surface area, reactor size,
and operation timescale. In order to compare the results from electrochemical
analysis, it is necessary to take into account different parameters such as
reference states, internal resistance or power densities derived from
polarization curves. Such data have been generally obtained using different
experimental conditions, materials and/or configurations, making the

interpretation and comparison of results among these systems difficult



The characterization of the microbial electrochemical response of
electrode material/biofilms presents various important problems. First, in
contrast to inorganic catalytic systems, microbes are living entities and thus
may change over time in their composition (variable microbial population) and
activity. Therefore, the physiological state, growth phase, and “history” of the
microorganisms should be taken into consideration. In addition, planktonic
bacteria also play an important role on the bioelectrocatalytic reaction

. Hence, it is very difficult to replicate exactly the same biological
conditions, like number of bacteria, metabolic activity and growth phase. This
fact remarkably hampers the reproducibility of the results of a given MEC and
makes it practically impossible to compare the performance of different
materials that either have been characterized in different cells or in the same

cell but under different operation conditions.

Secondly, a deoxygenated solution is necessary in biological chamber, to
keep anaerobic microorganisms viable and to avoid oxygen-related reduction
currents/peaks in CVs that could hinder the identification of bioelectrochemical
processes. Electrochemical characterization of electrode materials requires
them to be immersed in an oxygen-free aqueous electrolyte, so all external
connection by using wires or, alternatively, wire-material connectors (like
conductive adhesives) are inevitably exposed to water. In other cases, although
direct exposure of wire-material junction is avoided, the electrolyte can
penetrate through the pores of the material to reach the junction. This contact
with the medium usually causes the corrosion of wires and/or connectors, thus,
releasing redox active and/or non-biocompatible species that can interfere the
bioelectrochemical response of the bacteria. Moreover, corrosion may enhance
the electric resistance of these elements, affecting the measurements.
Consequently, the recorded electrochemical response for an electrode
material/biofilm system might be remarkably affected by corrosion of
connecting elements, again hampering the reproducibility and comparability of

the electrochemical behavior of materials and systems.

To face these problems, this work presents a new method for the

meaningful and comparative characterization of the microbial electrochemical



response of different electrode materials . The method is
based on the simultaneous electrochemical control and characterization of
various distinct material/electroactive bacteria systems in the same reactor,
under identical physicochemical and biological conditions, and minimizing

wiring-derived corrosion effects.

The method essentially requires the use of a (i) single-channel
potentiostat, (ii) one counter electrode and (iii) one reference electrode and (iv)
several working electrodes connected by (v) a suitable wiring. All the electrodes
are immersed in (vi) a sole bioelectrochemical cell with (vii) bacterial growth in
a deoxygenated medium, and their respective electric signals (current, potential,
resistance, etc.) are registered by (viii) proper measuring equipment. These
elements are schematized in Figure 1 and operate as a conventional MEC

capable to perform classical electroanalytical techniques

(i)-(iv) The single-channel potentiostat is used to impose a fixed or
varying potential, enabling to register the overall produced electrical current.
Apart from the multiple target working electrodes, a blank electrode showing a
well-known characteristic response is also recommended to validate the
measurements. The wires connecting each of the working electrode are all
merged with the working terminal of the potentiostat. In contrast, the counter
and reference electrodes are individually connected to their corresponding pins.
During electrochemical measurements, the potentiostat displays the potential
difference between the working terminal and the reference electrode. Indeed,
the electrical current recorded by the potentiostat adds up all the individual
currents passing through each working electrode; hence, such value does not
correspond to the real single value for each of the working-reference electrode

potential systems.

(v) Wiring the electrode materials entails the creation of conductive,
mechanically stable and corrosion-resistant wire-material junctions. The type
of wire-material connection will depend on the nature and properties of both
the wire and the material, emphasizing their corrosion susceptibility and
porosity, respectively. The porosity of the material may play a role, by facilitating

the penetration and accessibility of the electrolyte to the wire or junction, and/or



by adsorbing and concentrating the released corroded redox-active species on
the surface of the electrode. Overall, to avoid corrosion interferences in the
presented method, we propose the following two-step strategy for wiring:
promotion and subsequent protection of electrical contacts at wire-material
junctions. The promotion of electrical contacts can be achieved physically (insert
the wire in a drilled hole, tying the wire, etc.), by the aid of conductive adhesives
(glues, tapes, etc.), and/or by interposing an additional conductive material
which can be better connected to the wire. On the other hand, the
protection/isolation of junctions from the electrolyte is generally addressed by

coating/sealing with non-corroding resin-like adhesives.

(vi) Different configurations of bioelectrochemical cell can be used. Figure
1 describes two typical set-ups enabling to work at laboratory scale. The single-
chamber configuration ( ) consists of a unique cell/chamber containing
the working electrodes together with the counter and reference electrodes
immersed in the same electrolyte. In the two-chamber configuration ( ),
the working and reference electrodes are physically separated from the counter
electrode by using two different compartments (the so-called main and auxiliary
chambers, respectively) that are ionically interconnected through a suitable
polymeric membrane. This last configuration is preferred when the
electrochemical processes occurring at the counter electrode can interfere in
the characterization of the working electrodes. The cells are usually isolated to

keep deoxygenated conditions by hermetic sealing.

Both configurations allow to have all the working electrodes under the
same conditions. Physicochemical parameters, such as temperature, pH, solar
radiation, presence of gases, concentration of electron donors and salts would
be the same, so the bacterial culture inoculum, and its initial metabolic activity,
will be the same for all working electrodes. The differences observed in the
responses of each of the working electrodes will only be the consequence of the
interaction electrode material/bacteria. In this way, possible external factors

that may lead to erroneous interpretations are minimized.

(vii) The bacterial growth medium must include the following compounds:

salts to assure bacterial viability and to maintain osmotic balance. Furthermore,



such salts include pH buffering species. Vitamins and minerals, required in
small amounts and necessary for metabolic reactions. Finally, oxidizing and
reducing species are necessary. The reducing specie is the carbon source that
e microorganisms oxidize. In this particular case, no soluble electron acceptor
was added, since the electrode performed this role. This medium must be
deoxygenated by flushing N2 or Ar, and alternatively, N2:CO: in case of using
bicarbonate buffer. It is also recommended to keep the medium in continuous
agitation with a magnetic stirrer. In this sense, a laminar agitation allows a
faster biofilm formation while a turbulent agitation may increase the

homogeneity of the medium.

(viii) Measuring equipment, involving various single multimeters or a
multichannel multimeter to register the individual currents produced by each of
the working electrodes. Some multichannel measuring devices cannot record
electrical current signals, and only measuring potential differences is available.
In this case, resistors of a well-known value and negligible compared to the
whole internal resistance of the system are required, in order to be the
measured value for the potential difference corresponding to an electrical
current value equal to the real value in absence of that resistor, the so-called
shunt resistor. The resistor was placed in series on each working electrode, and
potential drop was measured in the shunt resistor. The value of the current
produced by each of the working electrodes was calculated using Ohm's Law.

A. Single-chamber configuration B. Two-chamber configuration
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(vi) (vii) J o) (vii).f . J

(i) Single-channel potentiostat (v) Suitable wiring

(i) Counter electrode (vi) Bioelectrochemical cell
(iii) Reference electrode (vii) Bacterial growth medium
(iv) Working electrodes (viii) Measuring equipment.

Diagram of the MEC and the connections with the potentiostat and the

multimeter.



To validate the method, two different measurements were proposed. On
the one hand, the prevention of wiring corrosion was validated by using abiotic
electrochemical measurements, e.g. cyclic voltammetry. Under these
conditions, the absence of microbial electrochemical processes enabled to
better discern corrosion-derived currents. On the other hand, the success of
using a multielectrode analysis together with a single potentiostat was validated
by means of a chronoamperometric experiment in presence of microbial

electrochemical processes.

The corrosion phenomena in the working electrodes is an important
phenomenon since a bad wiring would be reporting artefacts, that could be
erroneously attributed to the electroactive bacteria activity. This confusion could
occur, for example, since the cyclic voltammetry (CV) of a model electroactive
bacterium like Geobacter sulfurreducens ( ) ,
presents oxidation and reduction peaks in a potential range very close to those
shown occurring with the copper wire CV ( ). Therefore, it is important
to consider the nature of both the wire and the working electrode material, for
deciding how the attachment is made. In this sense, the corrosion of wires
and/or wire-material junctions can be easily evidenced by an abiotic

voltammetric characterization of the wired electrode materials.
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Cyclic voltammogram at 10 mV/s of a graphite electrode after promoted

biofilm growth in fresh water medium.



In this context, we validated some strategies to prevent the corrosion of
wires and wire-material junctions involving both porous and nonporous
materials by using abiotic CV as diagnosis methodology. The CV experiments
were carried out in a conventional three-electrodes cell at 10 mV/s in a potential
range between -0.6 V and 0.6 V (vs. Ag/AgCl/Cl-(sat.)). A HANNA HI-5311 glass
body Ag/AgCl/Cl(sat.) electrode with ceramic junction was used as reference
electrode, whereas a 2x3 cm Ti/Pt mesh, attached to a copper wire protected by
heat shrink tubing, acted as a counter electrode. All the electrodes were

immersed in phosphate buffer 100 mM deoxygenated with Na.

To construct the working electrodes, gold and copper were chosen as
wire material for their different corrosion susceptibility, while carbonaceous
materials were used as electrode materials due to their suitable response in
microbial electrochemical systems . We validated the
material-wire connection for each electrode according to their voltammetric

response ( ).

A) Wires. The oxidation and reduction processes of the wire material
were studied. In the case of gold wire ( ), the CV did not show
any peak in the selected potential window demonstrating the absence of
oxidation-reduction processes in the potential window explored. In contrast,
copper wire showed oxidation-reduction peaks ( ), which could
be mistaken as signals provided by electroactive microorganisms. Therefore,
this type of wire cannot be used directly with porous carbonaceous
materials. To solve this problem, the copper wire should be coated and
effectively isolated from the electrolyte with a conductive adhesive, such as
PELCOR® Conductive Carbon Glue, avoiding the oxide-reduction processes
( ).

Wire-material connections: In most practical cases the wires are
susceptible of corrosion, so the proposed general strategy should be to
isolate wires (are exposed at wire-material junctions) from the electrolyte

but keeping intact electrical contact. Hence, a wire-material contact must be



properly established, physically or assisted by a conductive adhesive, and
eventually protected from the electrolyte. The protection is recommended to
be extended also to the conductive adhesive in case it might undergo any
kind of electrochemical process (interference). However, the type of wire-
working electrode connection will depend on the porous or non-porous

nature of the carbonaceous material.

B) Connecting wires with non-porous carbonaceous materials. The
material used for validation was isostatic Graphite grade 2114-45 provided
by Mersen. Due to the non-porous nature of the material, the isolation of
connections can be addressed at any point of the electrode surface,
independently of whether the junction was on the outer surface or just

inserted inside the material. Both two possibilities were tested ( ).

b.1) A1 mm diameter orifice was drilled in one of the sides of the
isostatic graphite plate and a copper wire was inserted for a
proper physical contact. Then, the connection was isolated and
reinforced on the outer surface of the material in contact with

the electrolyte by using Araldit® epoxy.

b.2) Another possibility was to glue the copper wire to the surface
of the isostatic graphite using conductive copper adhesive
tape, finally this junction will be covered and isolated with
Araldit® epoxy. The response of copper wire-isostatic graphite
connections was studied. Our studies revealed that both
connections ( ) were valid for the construction of
working electrodes. Indeed, in spite of the resistance and
capacity of the electrode, no oxidation-reduction peaks were
observed in the range of selected potentials, so the
electrochemical response is truly having a biological origin in
the interaction between electroactive microorganisms and

electrode surface.

C) Connecting wires with porous carbonaceous materials. The

material used for validation was Graphite grade 6506, provided by Mersen.



The porous nature of the material enables the electrolyte to permeate

through, so the isolation of connections can be exclusively faced just on the

junctions (

): c.1) In the case of using non-corroding wires, e.g. gold,

a simple physical junction could be made to safely avoid any corrosion

interference. In contrast, if corroding materials are used as wires, e.g.

copper or nickel, the following connections are suggested:

C.2) The wire should be connected with PELCOR® Conductive

c.3)

Carbon Glue, so the copper wire would be directly attached to
the porous carbonaceous material while isolated from the
electrolyte. This junction should be coated with Araldit® epoxy

to seal and strengthen the connection.

An alternative actin would b is to stick the porous
carbonaceous material to a current collector (for example,
isostatic graphite) with PELCOR® Conductive Carbon Glue, and
coat the junction with Araldit® epoxy to isolate and reinforce
the connection. Interestingly, the use of appropriated
connections revealed the absence of oxidation-reduction

peaks and the CV response was pure capacitive ( ).
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A) Left: Wires used for working electrode connections: (a.1), copper wire, (a.2)
copper wire coated with carbon glue and (a.3) gold wire. Right: cyclic voltammograms
corresponding to left configurations; scan rate = 10 mV s-1; 100 mM buffer phosphate. B)
Left: Isostatic graphite connected to copper wire and (b.1) sealed with epoxy resin or (b.2)
glued with adhesive copper tape and insulated with epoxy resin. Right: cyclic
voltammograms corresponding to left configurations; scan rate = 10 mV s-1; 100 mM
buffer phosphate. C) Left: Porous graphite connected to (c.1) gold wire, (c.2) to copper
wire through isolation with carbon glue and epoxy resin, or (c.3) to copper wire through
isostatic graphite, carbon glue and epoxy resin. Right: cyclic voltammograms

corresponding to left configurations; scan rate = 10 mV s-1; 100 mM buffer phosphate.



Chronoamperometry is one of the most important characterization
techniques of microbial electrochemical systems, so it was used to validate our
simultaneous multielectrode analysis. Three different porous carbonaceous
materials were used as working electrodes (WE) in a single chamber cell. These
materials differed in electrical conductivity (WE1, WE2 and WE3, from lowest to
highest electrical conductivity). The wiring was done as described in section one
( ). The counter electrode and reference electrode were identical to
those described in section one. The cell had a volume of 500 mL, the electrolyte
used was Fresh Water Medium (FWM). FWM contained the following mineral
salts (per liter): 2.2 g of Na;HPO,, 1.18 g of NaH:PO,, 0.64 g of NH.CL, 0.26 g of KCl
and 0.024 g of CsHsFeOs (ferric citrate). Moreover, it includes a mix of vitamins
and trace minerals [10]. Acetate (20 mM) was supplied as the sole carbon and
electron donor. Anaerobic conditions were achieved by flushing the culture
media with N2 to remove oxygen and a phosphate buffer was used to keep a pH
of 7. This medium was inoculated with 20 mL of Geobacter sulfurreducens pure

culture with an ODe¢oo = 0.6.

Each working electrode was polarized to +0.2 V (vs. Ag/AgCl(sat.)) with a
Nanoelectra NEV-4 potentiostat, which allows to monitor the overall electrical
current passing through the system. The real potential difference WE-RE and
individual current at each working electrode were continuously recorded with a
Keithley 2700 multichannel multimeter. The basic model of this family of
multimeters has only 2 channels to measure current and 20 channels for
recording potential differences. Alternatively, a resistor of known value, shunt
resistor can be incorporated to potential-measuring channels for registering
the potential drop across it the it is related to the electrical current through

Ohm's Law. This resistor is usually called shunt-resistor in electronic field.

Nevertheless, to follow the same measurement strategy (for a better
comparability), three resistors were used to measure the current of the three
working electrodes. The resistor values should be selected according to the

expected currents and the accuracy of the measuring equipment. The resistors



were connected in series between each working electrode and in parallel with
respect to the multimeter. In addition, another channel of the multimeter was
connected in parallel between the working and reference electrodes, to know
the real polarization potential for each working electrode. Thus, although the
resistance of each material that is acting as working electrode is different, it can
be checked if electrodes are polarized at the right potential. Finally, to verify that
the current produced by the system is being correctly monitored, one of the
multimeter current channels was connected, in series, to the counter electrode.
The sum of the current generated by each working electrode should be equal to
both the current registered at the counter electrode and the current registered

by the potentiostat.
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(left) Current intensity and polarization potential associated to the 3 working
electrodes of the MEC including the summation of all currents. (right) Comparison of the

total current recorded by both the multimeter and the potentiostat.

shows the calculated values of current produced by each of the
three working electrodes, the bigger electrical current value corresponds to the
electrode material with lower electrical resistance. These values were
calculated through the instantaneous potential difference measured in each
working electrode and the value of the resistor used in the external circuit (1
KQ). The total sum of the currents produced by each working electrode
measured by the aid of the Keithley multimeter (blue line in ) was the
same as the one recorded by the NEV-4 potentiostat (see fitting in ).

Furthermore, the real potential of each working electrode remained constant



around 0.23 V over time for the different electrodes ( ). The difference
of 30 mV between the set and measured potentials is assigned to the inevitable
circuit and connections resistances, but this small value supports that the
electrochemical characterization based on the proposed method has been

carried out successfully.
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4.1. Abstract

Constructed wetlands are an effective biofilter-based technology for
treating wastewater in a sustainable way; however, their main disadvantage is
a large area footprint. To cope with this limitation a new generation of
constructed wetlands, the METlands®, have been recently reported. METlands®
replace gravel with a granular electrically conductive material to enhance the
oxidative metabolisms of electroactive bacteria by facilitating the flux of
electron through the material and, consequently, increase bioremediation rates.
In this work we evaluated the performance of a new electron sink (e-sink)
device with the purpose of controlling and enhancing the electrochemical
consumption of electrons from microbial metabolism without energy
consumption. The e-sink device was integrated inside the biofilter bed and was
tested using different electron acceptors with high redox potentials, like oxygen
and hypochlorite. Interestingly, the presence of the e-sink allowed novel redox
gradients to form inside the METland® and, consequently, a new electron flow
was demonstrated by measuring both the electric potential and current density
profiles of the bed. Three independent biofilters were constructed and operated
under flooded conditions. Ec-coke and electroconductive biochar (ec-biochar)
were used as electrically conductive bed materials, while gravel was used as
an inert control. Furthermore, e-sink integration inside the electrically

conductive bed outperformed METlands® for removing pollutants, already much



more efficient than standard gravel biofilters. COD removal was increased from
90% in METland® to 95% in the e-sink METland® as compared to 75% for the
control, while total nitrogen removal was enhanced from 64% in METland® to 71%
in e-sink METland® as compared to 55% for the control. Our results indicate that
increasing the electrochemical availability of electron acceptors by using the e-
sink will be a suitable method for controlling the electron flow inside the filter
bed and can be integrated in full scale METlands® for achieving high removal

rates.

4.2 Introduction

Constructed wetlands (CW) are biological wastewater treatment systems
that mimic the physical, chemical, and biological degradation processes taking
place in natural wetlands. This technology emerged several decades ago

as a robust, eco-friendly, and cost-effective decentralized treatment
system that requires low operational and maintenance costs

. CWs can be used to treat a
wide range of water pollutants such as domestic wastewater
, industrial wastewater , mine drainage

, agricultural runoff and urban storm runoff

. However, when compared to conventional biological

wastewater treatments CWs main disadvantages are the large footprint of land

required and certain limitations for nutrient removal

Therefore, to reduce the surface area requirements, constructed
wetlands have been evolving from passive into intensified

by supplying oxygen to enhance oxidative metabolism. More recently, the
new-born discipline of microbial electrochemistry has been applied to
constructed wetlands in the name of intensification

. Redox gradient profiles along the depth of a CW are produced as it
transitions from aerobic zones at the top to anoxic zones at the bottom. This
scenario lends to the application of a microbial electrochemical system where

pollutants can be converted into electrical current by the metabolic activity of



the electroactive bacteria and form a new gradient to increase removal

efficiency

The integration of microbial electrochemical technologies (MET) into
constructed wetlands is illustrated by the many different configurations used
. The microbial fuel cell (MFC) is able to harvest
energy from the wetland using an anode located in the anaerobic zone (bottom)
and a cathode located in the aerobic zone (top). These are separated by a layer
of inert material (gravel) and connected through an external
. Microbial electrolysis cells (MEC) are integrated into
the wetland in a similar manner as the MFC but the electrodes are polarized
through a potentiostat or a power source
. Microbial electrochemical snorkels (MES) are the most basic
configuration, simply a conductive bed that forms a redox gradient according to
the chemical environment around the material. Anodic and cathodic reactions
are not occurring under different electrodes but in different locations of a unique
conductive body. This situation is ideal when the objective is to raise
electrochemical reaction rates that do not require a strict control of redox
potential. In contrast with standard two-electrode systems, the microbial
metabolism cannot be converted into electric power

( ).

Despite their good performance at the laboratory scale, full scale
implementation of the CW-MFC is under development due to a number of
challenges. Mainly, internal resistance in the CW-MFC is dependent on both the
resistance of the electrolyte and the material-based electrical resistance
between the electrodes. This resistance increases linearly as the size and

distance between electrodes increases

The METland® is an alternative configuration
based on a continuous bed of electrically conductive material, also known as a
MES. This material promotes the metabolism of electroactive bacteria by acting
as an inexhaustible connector with the distant terminal electron acceptors
(TEAs), like surface oxygen. The concept has been successfully tested under

flooded conditions such as those found in conventional horizontal subsurface



flow (HSSF) wetlands
COD removal rates were as high as 400 g/m3day with real

urban wastewater fed at ca. 0.5 m3/m2day . Interestingly,
the system outperformed classical gravel-based HSSF CW reaching a ratio of
0.4 m2/pe. The METland® can also outperform conventional CW in their ability to
remove emergent pollutants in the form of pharmaceuticals
Many different carbon-based electroconductive materials have been tested for
use in the METland® system

, electrically conductive biochar, from the high-temperature pyrolysis of

various Quercus biomass, showed the best performance

Unlike typical bioelectrochemical systems, METlands® do not have two
differentiated electrodes but host anodic and cathodic reactions on the surface
of a single electrode bed exposed to different redox environments. Thus, in
METlands® the major anodic and cathodic processes follow a gradient across
the depth of the bed. The main cathodic process, like the reduction of oxygen,
happen at the upper bed layers whereas the anodic oxidation of organic matter
occurs in the anoxic bottom layers; . The vertical
separation of the anodic and cathodic reactions promotes a local charge
imbalance that generates an electric field and an increased electric potential
with depth. The electric field can be used to estimate the electric current
generated by the electroactive bacteria, a method already followed to measure

the electric current generated by cable bacteria in marine sediments

In this context, the electron flow generated inside METland® systems are
a direct consequence of the electroactive bacteria’s metabolism. They use a
mechanism similar to the one reported in natural electric current generators
like geobatteries or biogeobatteries , in
which a conductive material crosses two different redox domains, like that found
in the transition between sediment and the water column in a pond or lake. The
electrically conductive material allows the transport of electrons from the

anodic oxidation reactions in the sediment to the cathodic reduction reactions



near the water’s surface . Furthermore the sediment acts
as an electrolytic conductor allowing ion migration to complete the electric
circuit and maintain charge balance . Interestingly, ion
migration in the METland® is taking place in the pore water and generates a
typical electric potential profile that is absent in gravel-based CW

. The long-distance separation (30-40 cm) between cathodic
and anodic processes by electrically conductive material represents a change
in the paradigm of biological wastewater treatment where the conventional
thinking was that both electron donors and acceptors for a metabolic process
need to be in the same living cell, or at least within a few micrometers of each
other. In METlands®, bacteria can directly use electrically conductive material as
an electron mediator, these electrons can flux to cathodic areas where TEAs,
such as oxygen or nitrate, can be reduced to further drive the formation of a

redox gradient.

Unlike most MET applications which require an anaerobic environment,
METlands® can operate as an aerobic vertical subsurface downflow (VSSF)
biofilter .The presence of oxygen enhances nitrifying
conditions over gravel-based systems and unexpectedly it promoted the
presence of electroactive bacteria from Geobacter genus typical of anoxic
environments . Thus, operational modes in METland®
allow for additional control of redox gradients and electron transfer along bed,

this is nearly impossible in standard CWs.

This work aims to integrate the new concept of the e-sink into METlands®

to artificially create new redox gradients to promote both electron transfer and
biodegradation of pollutants in wastewater. This novel device will allow for the
“domestication” of the flux of electrons from microbial metabolism and allowing
for their distal consumption in environments different from their original

biological niche.



4.3 Material and methods
4.3.1 Construction of the e-sink device

The electron sink (e-sink) device was built using electrically conductive
carbon fiber tube (20 cm long x 2 cm diameter) sealed at the bottom with a
silicone stopper. This created a cylindrical chamber capable of housing a
solution. The tube was further drilled to produce 0.5 cm holes every two
centimeters ( ). All holes where sealed with a cation exchange membrane
(Nafion®) to keep the tube impermeable to water but allowing for the flow of
protons into the interior of the e-sink. Direct contact with the bed granules
allows for a flux of electrons passed through the carbon fiber tube and interact
with the solution inside the e-sink. The e-sink devices were installed inside beds
of either gravel, ec-coke, or ec-biochar and different catholytes were tested in

the e-sink ( ):

i) Oxygenated water 02 + 4e” + 4H* - 2H,0

ii) Hypochlorite 80 mM solution HCLO + 2e~ + H* - Cl" + H20

Three biofilters were built with three bed materials: ec-coke (C), ec-
biochar (ecB) and gravel (G). The ec-coke and ec-biochar are electrically
conductive and carbonaceous while the third, gravel, was an inert control (

). Each biofilter consisted of a 5.4 L polyvinylchloride (PVC) cylinder (diameter:
25 cm, height: 15 cm), with an outlet at a height of 11 cm to maintain the water
level, and a perforated pipe inlet in the bottom of the system. Each biofilter was
filled with the materials previously stated, the pore volume was approximately

50% of total volume.

An e-sink device was placed next to the inner wall of each biofilter. In
addition, three perforated pipes for sampling were placed inside the biofilter at
different distances (0, 6,12 cm) from the e-sink device ( ), these pipes were

the sample points SP1, SP2, and SP3 respectively.



CHAPTER 4: Novel bioelectrochemical strategies for domesticating the electron flow in constructed wetlands

Table 4.1. Physiochemical characteristics of bed materials.

EC-(((::)oke EC-(ElcoBc)har Gravel (G)
Density [g/cm?] 0.5 0.5 0,6
Resistance [Q] 1 15 -
Porosity [%] 48 52 43
Granulometry [cm] 1.5-3 2-3 1.5-3

The biofilters were housed outdoors with natural temperature variations
(ranging from 13°C to 34°C) but protected from rain. The systems were fed with
urban wastewater containing 625 mg/L COD, 320 mg/L BODs, 45 mg/L total
nitrogen (TN). The columns were operated in a continuous up-flow mode with a
hydraulic loading rate of 0.6 L/d and COD loading rate 88 g COD/m?d for 45 days,

using a peristaltic pump (LongerPump®).

SP2 SP3

I e-sink device

H Sampling pipes

:];
J

‘ Bed material

Figure 4.1. Biofilter scheme without (left) and with (right) bed material.
4.3.3. Sampling and laboratory analysis

Steady state conditions for the biofilters were reached after three weeks
of an initial acclimation period. Steady state was defined as constant removal
efficiencies for each of the biofilters. Then, to study the COD and nutrient
removal efficiency, three conditions were tested based on the electron acceptor
used in the e-sink device: (1) control: empty e-sink device, so removal efficiency
was just depending on the bed material, (2) oxygen saturated water, and (3) an
80mM hypochlorite solution. Each condition was operated for a week before
sampling. For each experimental condition three samples were taken. The

samples were taken every 48 h. Influent and effluent samples were analyzed for
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the presence of COD, and N species. COD analysis was carried out by
photometric evaluation (Hach LCK cuvette test + DR 3900 spectrophotometer).
BODs analysis was performed using respirometric method (WTW OxiTOP®). NH,*
and NOs- was measured with photometric evaluation (Hach APC and LCK cuvette

test + DR 3900 spectrophotometer).
4.3.4 Electric potential measurements

To measure the electric potential (EP), a custom-made shielded
silver/silver chloride EP sensor was developed (height: 60 cm; diameter: 0.12
cm) . These EP electrodes were built to be
insensitive to redox-active compounds . The EP sensor
was coupled to an Ag/AgCl reference electrode placed on the surface of the
biofilter below the surface water. Both electrodes were connected to a digital
voltmeter. The electric potential was measured in each sample point (SP1, SP2,
SP3) in steps of 1cm against Ag/AgCl reference electrode positioned in the top
water column. Profiles were measured to 11 cm depth in the biofilters ( ).
Each profile point was measured for 30 sec, recording one data point per
second. For all profiles, the signal value in the overlying water was subtracted
from all the values in the profile, resulting in profiles of electric potential relative
to that of the overlying water, which was used as a reference potential for

normalized the EP values.

The METland® represents a complete electric circuit in which charges are
carried as i) electron currents within the electrically conductive material and ii)
as ionic currents in the pore water. At steady state, these currents are equal in
magnitude but opposite in direction . The ion current
density running through the bed obeys Ohm’s law

can, consequently. be quantified from the EP and the conductivity of the
water (o), which, with a homogenous distribution of electroactive bacteria,
implies that the quantity of electrons running in the biofilter bed per second
through a unit area, i.e., the electron current density (J), can be estimated as

(Risgaard-Petersen et al., 2014):

(E9.1) J= —o- 2

dz



Where J[A m?] is the electron current density, o [S m™] is the electrical
conductivity of water in the column and ‘;—‘g [V mT is the EP gradient, the rate of
increasing EP with respect to decreasing depth.

The electric current is the result of anodic and cathodic reactions
occurring in the METland®. Therefore, the analysis of electric fields recorded in

an EP profile, could be used to estimate the areas acting as electron sources

and electron sinks along biofilter profile . The electron
transfer rate (R)can be estimated (adapted from ):
dj 1
(Eq.2) R=-—-2

Where R is the rate of electron transfer from reactions per unit volume [umol
m- s, % is the gradient of electron current density [A m-2 m], and Fis the

Faraday constant [9.65 x 104 C mol-].
4.3.5 Statistical analysis

Removal efficiencies were calculated as a percentage of the total inlet
concentration of pollutants. Removal rates were obtained from the inlet-outlet
difference as grams per cubic meter of bed per day. The data in the bar graphs
corresponds to the average value of 3 measurements taken once steady state
conditions was reached. In order to discern the true effect of the bed materials
for each operation condition, statistical procedures were conducted with these
3 measurements using R software and R-commander
package . The standard error of the mean of these measurements is

included in the error bars.
4.4 Results and discussion
4.1 Electric potential profiles and electron currents

In order to verify this new redox gradient concept, we monitored the
electric potential profiles along the bed. Since the METland® operates as single
electrode this methodology is key; without an external circuit electrical current
cannot be directly measured as typically occurs with standard microbial

electrochemical systems . This elegant method of measuring



electric potential (EP) to estimate derived ionic current densities was performed
previously to calculate current density (J) along the METland® bed and the rate
of electrons transfer from reactions per unit volume (R)

. Furthermore, it has also been shown that the electrical potential profile

is not affected by pH or the redox gradient

EP profiles were analysed for the three biofilters (gravel (G), ec-coke (C)
and ec-biochar (ecB)) at three independent sampling points ( ) when the
systems reached steady state. In addition, the systems were operated under
snorkel configuration with an e-sink inside the bed. The e-sink was operated
under three conditions: (i) empty as a control, (ii) with aerated water and (iii)
with hypochlorite (80 mM). The EP profile showed differences between the
tested systems ( ), indicating the impact of electrochemical electron
acceptors on the flow of ions, and consequently on the flux of electrons. This
behaviour was correlated with the microbial activity, in terms of the removal

efficiency of pollutants for each treatment.

The up flow operation of a conventional biofilter, made of inert material
like gravel, typically leads to microbial metabolism being limited by the
availability of an electron acceptor. Electrons cannot travel along the inert bed
so the EP depth profile of this system showed no variations at all between
sampling points. In this system, oxidation and reduction reactions leading to
pollutant removal are coupled both temporally and spatially

. We confirmed such behaviour in our gravel-based biofilters ( )
which acted as control, free of a vertical redox gradient. In contrast, systems
made of electroconductive bed showed variations of the EP with depth due to
the transfer of electrons from the microbial oxidation of pollutants. ( ).
The electric potential generated by this microbial electron transfer triggered a
flux of ions in the liquid phase with the same value and magnitude but in the

opposite direction of the electrons thereby closing the electric circuit.

The implementation of e-sink devices hosting different electrochemical
electrons acceptors generated a new redox gradient in the horizontal axis, this
provides a new dimension for the EP profiles. As expected, the sampling point

closest to the e-sink device (SP1), was the one most affected. The electrons



generated at the bottom layers of the bed migrated towards the e-sink device
instead of towards the upper top layer where oxygen is present. For this reason,
the EP vertical profile in SP1 ( ) showed a lower slope, therefore behaving
similarly to gravel system. In contrast, for the sampling point farthest away
(SP3) from the e-sink device, showed less influence and an EP vertical profile

was similar to e-sink free systems.

The electrochemical electron acceptor used in the e-sink device
significantly affected the EP vertical profiles. When the redox potential of the
electron acceptor was more positive, it corresponded to a higher reduction rate
of the acceptor, a higher flux of electrons, and a greater radius of influence by
the e-sink device. Operating a METland® with e-sink increased the net volume
of TEA available. The electron flux was then also established along the
horizontal direction and, consequently, the electron flux towards the oxygen at
the uppermost surface was reduced. Such differences can be observed in the
EP vertical profiles when oxygen or hypochlorite were the TEA tested the e-sink
device ( ). So, the higher the TEA redox potential the lower the slope for
the EP vertical profile. This is consistent with the fact that hypochlorite from e-
sink consume more electrons than just oxygen, so it shows higher impact in its
EP vertical profile ( ). Furthermore, the impact of e-sink in EP vertical
profile was stronger in those sampling points (SP1) closer to the e-sink, and
weaker in those located far away (SP3). Finally, the electrically conductive
material's resistance also affected the EP profiles. The lower the material’s
resistance, the greater the influence from the e-sink device. This increases the
flux of electrons that will be diverted to the e-sink instead of the uppermost

surface, what eventually increased the efficiency of the biofilters.
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BED MATERIAL
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Figure £.2. Electric vertical potential (EP) profiles of tested biofilters along depth at each
sampling point (SP1, SP2 and SP3) of gravel (orange), ec-coke (grey) and ec-biochar
(green) bed operating as biofilter, biofilter + 0z based e-sink and biofilter + CLO- based e-

sink. EP profiles were measured with a shielded Ag/AgCl electric potential electrode.

Our study shows that connecting microorganisms through an electrically
conductive bed allows the problems associated with limited electron acceptor
availability to be overcome, by coupling the metabolism between disparate
communities performing pollutant oxidation and the electrochemical reduction

of electron acceptors inside the e-sink device.
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As described before, METlands® represents a complete electric circuit in
which charges, resulting from the organic matter oxidation by electroactive
bacteria are carried as a flux of electrons through the electrically conductive
bed and as ion flows through currents in the water. At steady state, these
currents are equal in magnitude but opposite in direction
The ion current density (J) through the electrically conductive material was
calculated along depth, at 1 cm interval, for each sample point ( ) in ec-
coke and ec-biochar biofilters. For these calculations the £g. 2 was used, the
values of the water conductivity are provided in .Inthe gravel biofilter,
it was not possible to calculate the current density since the EP at all points was

not significant.

In the systems operating as standard METlands® , without an e-sink
device ( and ), the profiled current density was the same at all
sample points and followed the same trend in both the ec-biochar and ec-coke
biofilter. The current density was increasing from the bottom layers (J= 20
mA/m? for ec-coke and J= 40 mA/m? for ec-biochar) toward the upper layers
until reaching an inflection point. This point was located at 5 cm from the surface
for the ec-biochar biofilter (/= 280 mA/m?) and 3 cm from the surface for the
ec-coke biofilter (/4 135 mA/cm?). The current density decreased after the
inflection. This inflection point indicated when cathodic versus anodic reactions
were predominant, and may be caused by an increase in the concentration of
electron acceptor or by a decrease in the electron donor (organic pollutants) at

the upper layers of the biofilter.
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Current density (J) values of the up-flow biofilters made of ec-coke (grey) and
ec-biochar (green) in each sampling point (SP1, SP2, SP3). The systems were operated
with an empty e-sink (A and C) and with an e-sink hosting oxygen saturated water (B, D).
In presence of e-sink, the current density has two directions: i) vertical (grey and green

bars) towards the top surface, and horizontal (red bars) towards the e-sink.

By incorporating the e-sinks into the biofilters bed the current density
profile was shifted from vertical to horizontal direction ( ). In absence of
e-sink, the highest availability of TEAs was in the upper layers of the biofilter
(atmospheric oxygen), so behaviour at all sample points was governed by the
vertical distribution of oxygen. On the contrary, the use of a e-sink in the bed
(see location in ) add an additional redox gradient driving the flux of
electrons horizontally into the e-sink. This change of direction in the flux of
electrons will affect the distribution of the current density ( and )
inside the bed, including at each sampling point. The sampling point that was
most affected in both ec-biofilters was SP1, as the distance between the e-sink
and the SP increased, the current density was less affected. In this way, the
current density profile in SP3 of both biofilters did not change (dark bars in

and ) compared to biofilters without an e-sink, which means that the
entire electron flux at this sample point it went towards the uppermost surface
of the biofilter. This indicates that SP3 was outside the field of influence of the

e-sink. However, in SP1 (light bars in and ), the value of J falls



drastically compared to the values presented in the biofilters without an e-sink
( and ). Around SP1, the flux of electrons was more towards the e-
sink (horizontal flux). To know the value of this horizontal distribution of current
density (Eq.2) was applied to calculate J between SP1 and SP3 (12 cm of
horizontal sampling distance). Such new distribution of fluxes (red bars in Fig.
3B and 3C) revealed how the current density towards the e-sink (horizontal flux)
was higher at the bottom layers in both biofilters, at -11cm for both the ec-coke
(120 mA / m?) and the ec-biochar (40 mA / m?). As the distance between the e-
sink TEA and the surface TEA becomes similar, the current density towards the
e-sink decreases (red bars in and ) and the current density
towards the surface increases (light bars in and ). The situation in
SP2is an intermediate state between SP1and SP3. Beyond the physical distance
to the TEA, the electrical resistance of the material exerts a major influence on
the distribution of the potential along the bed and therefore the current density.
The greater electrical conductivity of the ec-coke in comparison with ec -biochar
allowed a higher electronic transfer rate of the electrons towards the e-sink.
Therefore, the differences between current density in SP2 and SP3 were greater
in the ec-coke biofilter ( ). This three-dimensional study of the current
density inside a biofilter reveals how the spatial location of the TEA affects the
flow of charges. Still, more detailed maps are required to more specifically

determine the radius of influence of the e-sink.

The electron transfer rates (A) ( ) revealed the presence of electron
transfer between electron donors and acceptors located in different
environments. Positive values signify electron transfer from an electron donor
(anodic reaction), while negative values signify electron transfer to an electron
acceptor (cathodic reaction). When the biofilters operate free of e-sink ( )
the main electron acceptor will be the oxygen present in the upper layers and
the main electron donor is the organic pollutants supplied from the bottom.
Thus, in the bottom layers the electron transfer rate was positive and
corresponded to areas where anodic reactions predominate, like the oxidation
of organic pollutants. Negative values of R indicate that cathodic reactions

dominate over anodic reactions. The reason for that could be a higher availability
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of TEAs, such as nitrate or oxygen, or because there is less organic pollutant

that can be potentially oxidized. This will also be a consequence of the amount

of electrons generated as a result of the oxidation processes that occurred in

the bottom layers, the more oxidation, the more electron flux and more electron

acceptor is required. In the absence of an electron acceptor, oxidation reactions

and therefore the removal of the organic matter will be limited. According to the

electron transfer rates (R) (Fig. 4.4), the cathodic area in the ec-biochar biofilter

reaches deeper environments, up to -4 cm in absence of e-sink, while in the ec-

coke biofilter it was located just two centimeters closer to the surface.
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Figure 4.4. Vertical distribution of electron transfer rates (A) for the three biofilters,

gravel (orange), ec-coke (grey) and ec-biochar (green), operating without e-sink, 0:

216



based e-sink and ClO- based e-sink. Positive values signify electron transfer from an

electron donor (anodic reactions), while negative values signify electron transfer to an

electron acceptor (cathodic reactions).

4.4.2 Pollutants removal rates and electron flux

The impact of our e-sink device was evaluated with different bed

materials by measuring the COD removal efficiency and the flux of electrons.

The organic matter removal rates revealed different responses to reach

treatment ( ).

COD [mg/l]
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COD concentration at the influent (red) and effluent of each biofilters: gravel

(orange), ec-biochar (green) and ec-coke (grey), operating up flow with e-sink either in

absence of electron acceptor or in presence of oxygen (02) and hypochlorite (CLO-).

Influent and effluent COD concentration, removal rate and efficiency for the

different systems.
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configuration, the electron acceptor in the medium was mostly oxygen present

at the surface and nitrate, resulting from the nitrification. In the case of the



gravel biofilter, the oxidation processes of organic matter are very limited
because the majority electron acceptors are only available at the top layer. Due
to this limit in TEAs, our gravel biofilter did not have a COD removal efficiency
higher than 75%. Taking into account that the influent COD was around 600 mg/L
( ), and the effluent COD was 150 mg/L, then the standard system did not
fulfil the discharge limit (Dir. 00/60 / EC of 23 Oct 2000) for treated urban
wastewater. Although the TEA concentration was increased with the e-sink, the
efficiency of the gravel biofilter did not increase since these TEAs were not
dissolved in the bed and could not be reduced intracellularly. Therefore, the
removal efficiency remained constant around 75% operating under the three
conditions ( ). In METlands®, electroactive bacteria can transfer
electrons directly to the electrically conductive bed material therefore the flux
of electrons was to the surface areas with higher redox potential. In this way,
the organic matter oxidation processes will not be slowed down despite the low
availability of electron acceptor dissolved in the bed. In the ec-coke bed
METland®, the COD removal efficiency was 89%. This efficiency was increased
with the e-sink in the bed by increasing the effective quantity of TEA available
through extracellular electron transfer and a conductive bed. Using an e-sink
with oxygen saturated water, the COD removal efficiency increased to maximum
of 93% and when the redox potential of the TEA is greater with hypochlorite
inside the e-sink, the removal efficiency became 98% ( ). The effluent
COD from this system is always below the discharge limit regardless of the
operating condition. It should be noted that when the ec-coke METland® operates
with an e-sink with hypochlorite, the COD value in the effluent is only 15 mg L'
compared to 65 mg L when it operated without an e-sink ( )- In this way,
the influence of the e-sink is demonstrated in biofilters where there is an

electrically conductive bed with a low internal resistance.

According to previous studies ( ), the presence of
carbonaceous electrically conductive materials based on pyrolyzed biomass can
stimulate microbial oxidative activity more than in ec-coke beds. The ec-biochar
METland® without an e-sink had a removal efficiency of 91% ( ). The

efficiency of the system increases with an e-sink in the bed, but in this case the



redox potential of the TEA did not have much influence. The effluent COD values

from the ec-biochar METland® drop from 54 mg L™ (without e-sink) to 28 mg L™

for the e-sink with oxygen and 24 mg L™, with hypochlorite. Although the effluent

COD is slightly higher than in METland® ec-coke, it always remains below the

discharge limit.

These results indicate that high electron acceptor availability, whether

that be direct or indirect, is a requirement for achieving higher removal rates in

METlands®. The high removal of COD under a high loading rate reveals the

benefits of using an electrically conductive material combined with the high

availability of TEAs inside the e-sink device.
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Nitrogen removal was studied in the three biofilters under the different

e-sink conditions (

). Statistical analysis revealed significant reduction in

ammonia and TN residual concentrations in the effluent between gravel and



electrically conductive bed biofilters. In the gravel biofilter the ammonia
removal efficiency was 60% and due to its non-conductive nature, such
performance was not affected even in the presence of the e-sink. In the ec-coke
biofilter, the ammonia removal efficiency was 76%, and even 100% when ec-
biochar was the bed material. However, in spite of increasing the COD removal,
the use of the e-sink in the biofilter bed did not increase the ammonia removal
rate ( and ). Such little impact of e-sink on ammonium oxidation
could be due to the anoxic conditions of our biological treatment in contrast with
the aerobic nature of typical nitrifying bacteria. In spite of the optimal ammonium
removal, not all nitrate was denitrified due to the competitive role of the ec-bed
for accepting the electrons and to the low availiability of COD at the upper layers

(outlet) of the biofilter.
4.5 Conclusions

Our new strategy to directed the flux of electrons inside the an
electroconductive bed by using an e-sink device was successful because the
highest performance efficiency was achieved by the TEA solution in the e-sink
with highest redox potential ( ) (e.g., hypochlorite 1.3 V in
comparison with oxygen 0.8 V). Furthermore, that the resistance of the bed
material great influenced the availability of TEAs. Interestingly, the fact that the
gravel bed did not exhibit any removal enhancement ( ) supports our e-
sink theory that the TEAs in the e-sink remained unavailable due to the inert

nature of the bed.

With this technology’s great promise, there are several issues that should be
further explored. For example, when scaling up what is the effective area of e-
sink influence, and the cost to benefit analysis of the e-sink. Therefore, we are
currently designing and integrating the e-sink into pilot and full scale METlands®

to further understand their efficacy.
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4.7 Supplementary Information
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Figure S4.1. The integration of microbial electrochemical technologies (MET) in
constructed wetlands (CW): A) microbial fuel cell (MFC) in CW; B) microbial electrolysis
cell (MEC) by poising the electrode with a certain potential through a potentiostat or a
power source; C) snorkel, a single electrode-based configuration under short circuit with

no resistors (METland®) and D) METland® with e-sink.
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Figure 54.2. Scheme of the e-sink mechanism. Both, electrons, from biodegradation of

pollutants, and protons resulting from such metabolism, flux into the e-sink. A catholyte,
oxygen or hypochlorite, is reduced inside the e-sink. The flux of electrons is transferred
from the electroconductive bed to a tube made of electroconductive carbon fiber. The

protons flux is allowed through the cation exchange membrane.

Ag/AgCl
Reference
electrode

PC +
Sensor Trace
logger

Figure S4.3. Scheme of a biofilter with EP monitoring equipment: Ag/AgCl reference
electrode, EP sensor position and sample points (SP1, SP2, and SP3).
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Table. S4.1. Water conductivity (o) in each biofilter operating under each e-sink condition.
The conductivity of the water was measured on-site directly with a conductivimeter (Hach

sension+ 5060).

Water conductivity
Gravel biofilter ec-Coke biofilter  ec-Biochar biofilter
[uS/cm]
+ e7sink free 926 176 172
+ e-sink (02) 123 1230 1074
+ esink (CLO") 1070 1158 1050
BIOFILTER WITHOUT e-SINK BIOFILTER WITH e-SINK

SP2

Depth {cm)

OB NOhAWNPRO

“10 e

[y
[

Figure S4.4. Scheme of flux of electrons inside the METlands® without and with e-sink in
each sample point (SP1, SP2, and SP3). Black arrows show the flux of electrons to the
surface oxygen and red arrows show the flux of electrons horizontally to the e-sink. In
deeper layers and closer to the e-sink the horizontal flux (red arrows) is greater than

the vertical one, the opposite than in the top layers.
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A METland® real case for treating manure wastewater: from lab-

scale to full-scale

5.1. Abstract

METland constitute a hybrid concept for treating wastewater where
microbial electrochemical technologies (MET) are integrated into constructed
wetlands (CWs) in order to enhance the pollutant removal performance. In this
work, we present the technology scaling process for manure wastewater
treatment. To validate this technology, a lab-scale METland base system was
operated for one month to define the best design and operational conditions to
maximize the removal of wastewater pollutants. The lab-scale system removes
91% of the COD and 96.7% of N-tot. Based on this good performance, we proceed
to the implementation of the system on a full scale. As in the laboratory-scale
system, i) a tank was built to store the raw water, which also served as an
anaerobic digester to promote denitrification; ii) a vertical METland to promote
nitrification and iii) an HSSF-METland to facilitate the oxidation processes of

organic matter.

Key words: Microbial electrochemistry; constructed wetland; METland®;

electroactive bacteria; manure wastewater treatment.
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5.2 Introduction

Intensive animal production is located in certain European regions, so we
are facing a phenomenon of centralization where more than 50% of the
European pig production comes together in only 4 countries: Germany, Belgium,
Spain and ltaly . In those areas, farms are typically very large,
with a production of manure wastewater currently reaching 250 million of m?
each year . Such swine manure is stored near to the
farms in large rafts, which often leak, contaminating the soil and waters of the
area . The lack of solutions for the sustainable and cost-

effective treatment of agricultural wastewater is a widespread problem

Manure wastewater is made up of a high amount of organic matter and
nutrients, like nitrogen and phosphorus. It also contains low concentrations of
micronutrients and emerging compounds. Traditionally, the high content of
macro- and micro- nutrients in the manure wastewater is a great benefit to
farmers as a cheap and effective source of fertilizer

, watering the fields whit it. However, land
availability may be a bottleneck, especially for large farms in nitrate-sensitive
zones, where the acceptable nitrogen (N) load is limited to 170 kg ha™' year™

. An excess of spreading the manure over arable land has resulted
in over-fertilization. The excess nutrients seep through the soil, contaminating
with nitrate the aquifers that supply water to the population. The result is the
deterioration of the environment at all levels: air, release toxic compounds, soil,
increasing nutrients and heavy metals accumulation, and water, causing

eutrophication of water and contamination aquifers

To prevent environmental impacts, as enforced by the European Nitrate
Directive, proper management of manure wastewater is mandatory. The Nitrate
Directive limits the amount of nitrogen that can be discharged into
the soil. This brings pressure on farmers in the EU to manage their wastewaters

effectively. The directive states “appropriate nitrogen spreading calendars and



sufficient manure storage, for availability only when the crop needs nutrients
and good spreading practices” as types of actions that it promotes.
To comply with the Nitrates Directive, there is currently no concrete technical
solution to reduce or treat manure wastewater. Most treatment plants use very
similar methodologies, combining aerobic and anaerobic treatments

Aerobic treatments are very expensive and no added
value compound is obtained at the end of the process. Anaerobic treatments are
limited in ammonia removal and odour-producing chemicals. Therefore, the
development of new technology and more efficient systems in the elimination of

organic matter and nitrogen is required

Constructed Wetlands (CW) are a Nature-based Solution (NbS) that can
provide effective, low-cost, low-maintenance and environmentally beneficial
wastewater treatment alternatives to traditional treatment

.Modern CWs are engineered systems that have
been designed to enhance specific characteristics of wetland ecosystems for
improved wastewater treatment capacity under controlled conditions. They
mainly act as biofilters, removing solids and pollutants from the water, through
physicochemical and biological processes. These systems can be considered as
a complex ecosystem in which the main actors are: the substrate, the vegetation
and the microorganisms . During the last decades,
CWs have been used to treat a wide range of water pollutants such as domestic
wastewater , industrial wastewater , and urban
storm runoff . Constructed wetlands have been used to
treat agricultural wastewaters high in ammonia, which is toxic to a lot of wetland
plants . The loading and flow rates in
constructed wetlands vary greatly but according to bibliographic reviews

the mean hydraulic loading rate and flow rate were 4.7
cm?®/day and 10 m3/day, respectively. Most of the systems used for livestock
wastewater treatment are of small size with a mean area of only 0.6 ha.
Constructed wetlands treating manure wastewater are slightly larger with a

mean area of about 1 ha. The most widespread method of enhancing



CHAPTER 5

denitrification is to re-circulate the wastewater or to add partially-nitrified

water

More recently, new strategies to make constructed wetlands more
efficient systems have been developed .Forinstance,
METlands are an eco-friendly technology that can treat different types of
wastewaters at zero-energy operation cost, creating a virtuous circle
safeguarding the local environment and connecting water, energy and land
resources . METlands are a hybrid concept where Microbial
Electrochemical Technologies (MET) are integrated to Constructed Wetlands

Microbial Electrochemical
Technologies (MET) are based on the electrochemical interaction of
electroactive bacteria with electrically conductive materials. These interactions
involve extracellular electron transfer . Electroactive
bacteria (EAB) act as a natural catalyst for oxidizing the organic pollutants
present in wastewater, then transferring electrons to the electrically conductive

material

METlands replace inert bed material like gravel, with electrically
conductive (ec) carbonaceous material, ec-coke or ec- biochar. The electrically
conductive bed promotes the growth of electroactive bacteria. These bacteria
oxidize organic compounds intracellularly and extracellularly transfer electrons
to the electrically conductive material. The electrons accepted by the electrically
bed material are transferred to the top layers of METland because of the redox
gradient, where the atmospheric air acts as a never-ending terminal electron
acceptor
Another possibility is that EAB accepts electrons to reduce contaminants like
nitrate. This extracellular electron transfer (EET) can be mediated by the
conductive bed material itself (Conductive-particle-mediated Interspecies
Electron Transfer, CIET) or direct exchange of electrons between microbes

(Direct Interspecies Electron Transfer, DIET)

In this work we are have adapted and validated METland technology for

treating manure wastewater. Eventually we designed and constructed a full-
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scale system capable of cleaning-up wastewater from livestock in the context

of an Animal Research Center.
5.3. Materials and Methods

5.3.1 Site description and manure wastewater sampling

The manure wastewater origin is located in the Animal Nutrition Institute
(Zaidin Experimental Station (EEZ) - CSIC) where a variety of cattle heads,
including pigs, goats and sheep are used for animal nutrition research. The

estimated wastewater production was 2-4m?® of wastewater per day.

The sampling was carried out both from raw wastewater influent and
after pretreatment (rotary screen). Samples were filtered and a completely
physical-chemical analysis was performed by the water quality analysis service

from Imdea Water (Madrid, Spain) (Table 5.1).

5.3.2 Lab-sale bioelectrochemically-assisted manure wastewater treatment

system: design and operating parameters.

B e

©

C

<

e

w

=

3

(e}

T

2 Anaerobic (o3
o reactor HSSF-METland®

.
Effluent

L

=

Ifluent Peristaltic pump

Figure 5.1. Scheme of the lab-sale bioelectrochemically-assisted manure wastewater
treatment system.

A laboratory-scale manure wastewater treatment system was built. This
system included METland concept as the core of wastewater treatment. For this,
electroconductive material, graphitized coke, was used as a biofilter bed

material to stimulate the colonization and activity of electroactive bacteria.
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The system consisted of three reactors ( ):

A) Anaerobic reactor: cylinder shape (6 cm diameter, 50 cm height and 1.5
L volume). Settling was favoured at the lower part of the system, while in the
upper part there is a perimeter spillway to collect the clarified water that
overflows from the system. The raw wastewater was fed into the bottom of the
reactor with a flow rate of 300 ml/day. From the top of the reactor, 900 ml/day
were pumped to the Downflow METland® and 300 ml/day were fed into the
HSSF- METland®.

B) Downflow METland®: Tubular reactor (5 cm diameter, 50 cm height
and 1L volume). The oxygen diffuses into the system passively so energy is not
consumed. The bed was made of electrically conductive coke granules (1-3 cm
size). The flow rate was 900ml/day and the effluent returns to the anaerobic

reactor.

C) Horizontal subsurface flow (HSSF) METland®: A fish tank made of glass
(10 cm x 10 cm x 25 cm and 2.5 L volume) containing a bed made of electrically
conductive coke, with a particle size of 0.5-1 cm. System was operated under

horizontal subsurface flow and was fed with 300 ml/day.
5.3.3 Physical, chemical and statistical analyses

To evaluate the efficiency of the lab-scale system, water samples of the
influent and effluent from each reactor were taken every two days. The COD was
analyzed following a standard method and NH;* and
NOs~ were monitored by ion chromatography using a Metrohm 930 Compact lon
Chromatograph Flex. Removal efficiencies were calculated as a percentage of
the respective inlet. Removal rates were obtained from the inlet-outlet

difference as grams of COD per cubic meter of bed material per day.
5.4 Results and discussion

A system for treating manure have been designed and constructed by
integrating microbial electrochemical concepts into constructed wetland
solutions. After validating the technology at lab-scale we used the performance

data for constructing a full-scale unit.
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5.41 Validation of the lab-scale bioelectrochemically-assisted manure

wastewater treatment system

The raw manure was analyzed before and after the rotary screen (Table
5.1 and 5.2). The physicochemical characteristics of the raw manure (Table 5.1)
indicate a high concentration of nitrogen, in the form of ammonium (NH4*> 1000
mg/L) and a COD close to 7000 mg/L. This raw water was pumped to the rotary
screen where the suspended solids were separated from the liquid fraction.
After this physical process, the COD value dropped ca.50%

Table 5.1. Physicochemical characteristics of the wastewater generated in an Animal

Nutrition Center

Raw After
wastewater tank Rotary screen

Conductivity [uS/cm] 9380 7070
Colour [mg/L Pt-Co] ma2 760
pH 7.90 8.03
Alkalinity [ppm CaCOs] 4120 3361
Hardness [mg CaCO0s/L] 949 682
Total P [mg/L] 35.3 29.6
Total N [mg/L] 1000 860
COD [mg/L] 6980 3380

Table 5.2 lons quantified in the wastewater generated in an Animal Nutrition Center

Raw After
wastewater tank Rotary screen
ANIONS
Cl- [mg/L] 410 346
NO2" [mg/L] 221 2.39
NOs~ [mg/L] 2.27 2.55
P03 [mg/L] 188 143
S0 [mg/L] 122 27.6
CATIONS
Na*[mg/L] 198 179
NH4* [mg/L] 1007 1003
K* [mg/L] 697 644
Mg? [mg/L] 209 146
Ca%[mg/L] 35.5 322
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Our lab-scale system was fed with liquid phase from real manure, taken
after the rotary screen. To keep the same rate as the real system, the organic
loading rate (OLR) was 490 mg COD/day. The chemical characteristics of the
influent were a COD around 1600 mg/L, ammonium= 500 mg/L and not detected

values for nitrates and nitrites.
Downflow METland: COD removal and nitrification

The downflow METland was operated as a vertical subsurface flow
constructed wetland; however, the special nature of the bed allowed a much
higher hydraulic rate than standard systems. The water treated in the anaerobic
reactor was sprayed on the bed before percolating through the bed where it was
aerated. The bacteria biofilm grew on the electrically conductive bed granules,
where there was a redox and oxygen gradient. Thus, in the inner layers of the
biofilm could grow electroactive bacteria. In the outer layers, heterotrophic
bacteria could develop. In this way, the direct interspecies electron transfer

(DIET) was promoted.

The main process that takes place in this reactor was nitrification, aerobic
oxidation of ammonium, but also anaerobic microorganisms could be developed.
This was because, in the smallest pores of the electrically conductive material
granules, anaerobic conditions arise, where anaerobic electroactive bacteria
(EAB) can develop. These EABs accepted part of the electrons resulting from
ammonium oxidation while transferring directly to the electrically conductive
material. The ammonium concentration in the effluent from this reactor was 15
mg/L ( ). As a consequence of nitrification, there was an increase in
nitrate concentration, the highest concentration of which was found in the
effluent from the downflow METland ( ). Furthermore, in this reactor a
degradation of organic matter was observed, so the average concentration of

COD at the outlet was 367 mg/L.
Anaerobic reactor: denitrification

The role of this reactor was to promote denitrification and to separate the
sludge through a physical decantation process. At the bottom of this reactor,

two independent streams were mixed. One stream was manure wastewater



with high COD and ammonia concentration. The other stream was the effluent of
the downflow METland with low concentration of COD and ammonia but high
values of nitrate. The COD / N ratio of such mixed streams was 3. In this
anaerobic reactor, the anoxic conditions assured those denitrifying bacteria
would reduce the nitrate, using the organic matter from the raw wastewater, as

electron donor. The COD concentration at the outlet of this anaerobic reactor

was 495 mg/L ( ) and the total-N of 85 mg/L ( ).
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. COD and total-N concentration at the influent (black) and effluent of every

reactor: anaerobic reactor(grey), downflow metland (yellow) and HSSF-METland (blue).

HSSF- METland®: COD removal and denitrification

The HSSF- METland® was the last reactor. It consisted of a horizontal
subsurface flow anaerobic bioelectrochemically-assisted wetland. The system
was fed whit the effluent of the anaerobic digester. There was a redox gradient
with the depth because of the presence of atmospheric oxygen at the top water
layer. The electrically conductive bed allowed direct extracellular electron
transfer; the electroactive bacteria can transfer electrons directly to the
graphite coke. These electrons fluxed to the top, where the oxygen can be
reduced, or can be used to reduce another terminal electron acceptor like

nitrate through the mediated electron transfer mechanism.

In this reactor, the hydraulic retention time was high, which favors the
oxidation of the refractory COD, enhanced by the presence of electrically
conductive material that allows the extracellular transfer of electrons. The COD
at the outlet of the system was 154 mg/L. Nitrogen removal, both ammonium
oxidation and nitrate reduction, was also favored, reaching the minimum value

of tot-N of 13 mg/L ( ).
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Figure 5.3. NHs* and NOs  concentration at the influent (black) and effluent of every

reactor: anaerobic digester (grey), aerobic ec-biofilter (yellow) and METland (blue).

Removal efficiency of the lab-scale system

The total efficiency of the system at laboratory scale (Fig. 5.4) was
significantly higher than that shown by the conventional manure wastewater
treatment system, especially in the removal of nitrogen. Regarding the removal
of COD, the influent was 1640 mg/L and the effluent 154 mg/L, which represents
a removal rate of 90.6%. Nitrogen removal reached 99% for ammonium removal
and 96.6% for total nitrogen removal. It is remarkable that such high efficiency

was obtained in absence of external energy consumption.
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Figure 5.4.COD, NH4*, NO3", NO2~ and tot-N concentration (bar graph, left axe) and removal
rate (red dots, right axe) at the influent (grey) and effluent (blue) of the lab-scale

bioelectrochemically-assisted manure wastewater treatment system.
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5.4.2 Full-scale bioelectrochemically-assisted manure wastewater treatment

system

To scale up the bioelectrochemically-assisted manure wastewater
treatment system, it was necessary to carry out certain modifications with
respect to conventional systems ( ), both in the construction of the

reactors and in the mode of operation.

Anaerobic reactor. The anaerobic reactor has a capacity of 23.4 m®. On

average, it received Im®day' of manure wastewater. This reactor is buried under

soil, it can be stirred and host a variable head pump.

Downflow METland. The geometry of our final design consisted of a
tubular reactor (3.3 m high and 2.4 m in diameter, 11.4 m?® of total volume. The
influent for this step was wastewater treated in t without suspended solids since
at the entrance there was a rotary screen. The material inside the reactor was
placed as follows. In the lower third, a grid was installed to create an air
chamber to promote passive aeration. On top of it, a 10 cm layer of gravel (3-4
cm granulometry) and a 10 cm layer of graphitized coke (1-3 cm granulometry)
were added. The next 2.5 m of the reactor were filled with small graphitized coke

(3 -10 mm granulometry). The material volume was 10 m3.

HSSF- METland®. The dimensions are 7.6 m long, 3.6 m wide and 0.6 m
deep, 16.5 m® of total volume. The bed material was graphite coke (3-4 cm
granulometry) to favor electrogenic processes. The outlet pipes were placed
along the entire bottom of the METland. In addition, the inlet pipes were placed
along the entire surface layer of the bed in order to create vertical flow and
reduce dead zones in the bed. Also, typical wetland plants were planted, such
as bamboo and typhus, which have high nitrogen removal rates. The high
hydraulic retention time (HRT) in this reactor allows to have a water reservoir

that, after tertiary treatment, can be used as irrigation.

Manure wastewater flows suggested in the new full-scale

bioelectrochemically-assisted. Raw wastewater is harvested in the anaerobic

reactor as first stage of the process. The water should be first pumped to the

rotary screen by pulses of 5 min every 20 min with a flow rate of ca. 3 m®day™".
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The effluent should, by gravity, the downflow METland. At the outlet, there are
two solenoid valves to control recirculation. Two-thirds of the effluent from this
reactor should be recirculated to the raw wastewater tank and one-third to the
HSSF- METland®. So, the HSSF- METland® should be fed by Tm3day-". The total
discharge of the system was 1m3, which should be finally treated with UV
radiation to eliminate pathogens from the water and be able to reuse the effluent

as irrigation.

Smart bioelectrochemically-assisted wastewater treatment system.

Finally, some devices based on METs were incorporated in order to remotely
monitor water quality in real-time and apply a tertiary treatment to be able to
reuse the effluent as irrigation water without problems of eutrophication,
contamination or pathogenic bacteria. A UV disinfection chamber was
incorporated into the outlet thank, as a tertiary treatment and to eliminate
pathogenic bacteria. Also, an loT biosensing and an autonomous signal
transmission system were placed in the outlet pipe. The loT biosensing, provide
by Nanoelectra S.L, is a new MET-based device that transforms bacteria
metabolism into an electrical signal. The electrical signal informs of the water
quality in real-time such as the organic pollutants or the presence of toxic
compounds. Real-time monitoring of the system is accessible via 4G connection

through the autonomous signal transmission system (Nanoelectra S.L.).

1 Pig barn 7 loT Biosensing

2 Raw wastewater tank 8 Autonomous signal transmission system
3 Solidfliquid separator 9 UV Desinfection chamber

4 Compost recycled 10 Water reuse for irrigation

5 Downflow METland® 11 Water quality signal reception

6 HSSF METland®

Scheme of the Full-scale bioelectrochemically-assisted manure wastewater

treatment system installed in the Animal Nutrition Institute (EEZ-CSIC).



5.5 Conclusions

This study demonstrates that a bioelectrochemically-assisted
constructed wetland is an efficient technology for the treatment of manure
wastewater, showing high rates of removal of COD and nutrients. The COD
removal by METland® at laboratory scale (>90%) was higher than the one
exhibited by conventional technologies such as the Upflow Anaerobic Sludge
Blanket (USAB) (COD elimination = 80%), the Anaerobic Baffled Reactor (ABR)
(COD removal = 60%), Sequencing Batch Reactor (SBR) (COD removal = 70%) and
Continuous Stirred Reactor (CSTR) (COD removal = 40%)

Furthermore, our design includes a stage for separating solids that could be

used as fertilizer.

CHAPTER 5

The use of METlands could be a convenient strategy for implementing MET
for manure wastewater treatment. In this way, an effective treatment of
agricultural wastewater could be offered, eliminating the pollutants that cause
so many environmental problems. If we also add a tertiary treatment, we obtain
safe water for irrigation, giving a second life to the waste produced by the

livestock industry.
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General Discussion, Conclusions and Future Work

The main objective of this thesis was to explore the Nature-based
Solution METland® to treat wastewater. We have mainly focused in developing
lab scale configurations to outperformance already existing systems for treating
urban wastewater. Moreover, we have developed a system for coping with
manure wastewater at a relevant environment (TRL6). The work presented in
this thesis supports the idea that Microbial Electrochemical Technologies
(METs) might present a potential alternative to classical wastewater treatment
technologies by incorporating bioelectrochemical designs. A general discussion
is presented in question-answer format, followed by a short section on

conclusions, recommendations, and future work.

6.1 General discussion

How does a METland® work?

Our study reveals that METland® technology significantly improves
wastewater treatment compared to constructed wetlands (CW) (Chapter 2, 3 and
4) through the stimulation of the metabolic activity of electroactive bacteria by

the presence of electrically conductive material

In contrast with more traditional MET designs

METlands are not a two-electrode configuration, so
the anode potential cannot be electrochemically controlled like in standard
microbial electrolysis cells . Moreover, electrical power,
typical of microbial fuel cell, cannot be harvested. However, METland® operates
as single electrode configuration, so-called snorkel, where a short-circuited
system efficiently stimulates extracellular electron transfer (EET). Indeed, this
configuration overcome the bottleneck for the flow of electrons, found in
standard external circuit (Chapter 3). In contrast with standard MET, redox
potential from bed material can be controlled by selecting certain hydraulic

operation

In METlands, the fundamental role is played by a unique relationship

between material and microorganisms (Chapter 2). The presence of electrically
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conductive material in the bed promotes the development of Electroactive
bacteria (EAB) capable of using it as an inexhaustible Terminal electron
acceptor (TEA). As occurs with constructed wetlands , We can
anticipate two main operation mode for METland: i) flooded conditions where
conditions are mainly anoxic, and removal of organic pollutants and nitrate
reduction are favoured; and ii) downflow conditions, where oxygen play a double
role (respiratory and electrochemical) along the whole bed, and removal organic
pollutants and ammonium are favoured. In the context of this thesis, we have
mainly focused on flooded configurations (Chapter 2, 3, 4 and 5) although
downflow configurations were also tested for treating manure wastewater

(Chapter 5).

If METlands are operated under flooded conditions, the electrons
generated by the EAB in anoxic deeper layers of the bed migrate up to the
surface following the profile of increasing oxygen (TEA) concentration. This
would originate a vertical redox gradient along the bed, from the deeper more
negative redox potentials regions, towards the upper more positive redox
potential ones, where the electrons are consumed by inexhaustible oxygen or
alternative soluble TEAs. This decoupling effect in the microbial oxidation-
reduction mechanism allows to physically separate the reduction for the soluble
electron acceptor from the location where living cells are catabolizing the
pollutants and generating the electrons. This is the actual essence of METland®

solution

This flow of electrons inside a METland® was firstly demonstrated by
Ramirez et al,, by measuring the electric potential
profile along the bed. We have followed identical methodology in Chapters 2 and

4, for confirming such electron flow among the different material tested.

The other main component in METland® is electroactive bacteria (Chapter
2). We have observed how the presence of electrically conductive material
stimulates the development of electroactive bacteria and, specifically, of species
of the genus Geobacter. It has been shown that the stimulation of Direct
Interspecies Electron Transfer (DIET) and Conductive-particle-mediated

Interspecies Electron Transfer (CIET) can be accelerated



through electrically conductive materials and carbon-based materials. In
electrochemical syntrophic interactions, bacteria from Geobacter genus acted
as a metabolic mediator, donating or accepting electrons to/from other
microorganisms or materials. In this work, we have demonstrated that
electroactive activity through cyclic voltammetry in single granules can be
measured even under low presence of Geobacter, which could indicate the

crucial role of Geobacter as an electrical connector.

What elements are key for an optimal METland® performance?

METland® have been already operated almost a decade and we can find a
number of cases where its implementation resulted successful
(www.imetland.eu). However, now we expect to move one step further, and be
able to understand and explain how METland® actually works, exploring each

part of this system.

The bed material is a key component of this constructed ecosystem. Its
physical and chemical properties are going to determine how electrons are
transferred and what microbial communities can be selected (Chapter 3). We
propose that a proper characterization should be performed at four levels:
morphological, textural, structural and chemical. Morphological
characterization provides an image of the surface of the material. Textural
characterization is important to know the porosity of the material and to be able
to relate it to bacterial colonization and ionic flow. To obtain a structural
characterization, the most useful techniques are Raman and XRD, thus we will
know the size and order of the crystallites of the material's structure that is
related to electrical conductivity. Finally, a chemical characterization, through
DTP and XPS, offers us an idea of the surface chemical composition of the
materials and the concentration of oxygenated groups that can act as quinones.
The presence of such functional groups is especially relevant in the case of
materials from pyrolyzed vegetal waste . Ec-coke
presents a very abrupt morphology with large crater holes, ec-biochar presents

a large volume of different pores (SEM). Ec-coke is a highly conductive carbon
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material, this is due to the order and size of the crystallites in the carbon
structure. Ec-coke shows greater structural order, so its electroconductivity
will be higher than that of ec-biochar (Raman and XRD). Ec-biochar has richer
surface chemistry and shows more oxygen groups on the surface (DTP and
XPS), which can act as redox mediators and accept and / or give electrons to

the electroactive bacteria.

To understand microbial biodiversity, techniques such as Illumina
sequencing (Chapter 2) can be applied. Microorganisms are the main actors in
the oxidation and reduction processes of wastewater pollutants. It is important
to know the bacterial species and their physiology in order to predict biological
behaviour. In this way, signals of metabolisms, such as anammox and
electroanammox , were identified in an operation context

where ammonium is oxidized under anaerobic conditions.

Finally, electrochemical techniques offer us information on the response
of electroactive microorganisms to the different operating conditions of
METLands. The Extracellular electron transfer (EET) is the core of this
technology; this can be monitor by electrochemical techniques such as cyclic
voltammetry and chronoamperometry (Chapter 3) so we can directly measure
the bacterium-electrode interaction and be able to quantify the electrons that
EABs generate while oxidizing organic matter. Furthermore, as we reported in
Chapters 2 and 4, the electric potential profiles are key to measure the flow of
electrons, including the direction, the sense and the quantity of such flow. These
values will allow us to understand what type of electron transfer is taking place,
continuous vs. discontinuous, what type of reactions are being favoured,

oxidation vs. reduction and can even be correlated with the COD removal rate.

What can be electrochemically measured in a METland® system?

The main electrochemical techniques that have been applied to
microbiology are chronoamperometry and cyclic voltammetry. To perform both,
a three-electrode system is required. METland®, acting as a snorkel, has a

continuous bed of electrically conductive material that acts as a single



electrode, allowing a continuous flow of electrons but preventing the above
techniques from being applied /n situ.

Therefore, solutions to elucidate the extracellular electron transfer (EET)
in bed electrodes have been developed in this work. We have developed a
protocol to study the electroactivity of bacterial biofilm in electrically conductive
single granules from METland bed through cyclic voltammetry (Chapter 2) and
we have applied the measurement of electrical potentials

to perform EP profiles along the electrically conductive bed (Chapters
2 and 4).

To study the electroactivity of a bacterial biofilm growing inside the bed,
we performed cyclic voltammetry analysis at single granules, selected and
isolated from the bed . Actually, this technique provided
valuable information like mass-transfer conditions at the biofilm/ electrode
interface and identification of the active sites

. Thus, this proof of concept opened the possibility of
surveying the electrochemical behaviour of microbial communities on
granulated electrodes in general, which up to now was not feasible. The
presented results not only contribute to a better understanding of EET
fundamentals of METlands, but may serve as a valuable tool to shed light on the
relationship between electrochemical parameters, the selection of microbial
communities and treatment efficiencies.

Another strategy for obtaining electrochemical info was the use of
electrical potential measurements to make profiles along with the depth of the
METland bed . The flow of electrons produced by
the EABs in the anode zones that migrates towards the cathodic zones in favour
of the redox gradient was directly measured using electric potential probe. This
allows us to i) identify the direction of electrons and, consequently, the anodic
and cathodic zones of the system, and i) quantify the flow of electrons, which
can be correlated with the amount of organic matter oxidized by electroactive
bacteria.

The EP profiles constitute the experimental fact that evidences the

effective or inefficient e-transport throughout the bed. In absence of
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microorganism and consequently without extracellular electron flux, the EP
depth profiles were flat, since there was no vertical electron flux. When the bed
material was carbonaceous but not electrically conductive, profiles were not
observed, since there was no possibility of flow through the bed granules.
However, we have shown that, in presence of microorganism extracellular flow
of electrons was recorded through the EP depth profile. The slope of this profile
is correlated with the number of electrons that migrate along the bed and the
higher values allow to locate the areas (anodic region) where oxidation

reactions predominate.

Can the properties of the material determine the microbial

community?

The physical-chemical properties of the material have proven to be
decisive in the microbial community that colonizes the bed of the METlands
. As a consequence of the electrically

conductive carbonaceous material, the growth of electroactive bacteria was
stimulated in our assays. This led to a marked difference between the microbial

communities that colonize the constructed wetlands and the METlands.

In our hands, the gravel bed systems were enriched in the genus
Clostridium as predominant. The Clostridium populations, a strict anaerobic
genus, were likely responsible for the rapid fermentation of carbohydrates and
were involved in reduction processes
However, in the electrically conductive bed systems, the most abundant genera
were related to species of electroactive bacteria, reaching 11-fold more EAB in
an ec-biochar bed than in a gravel bed. Thus, genera like 7richococcus,

Pseudomonas and Geobacter were the main ones in carbonaceous material.

Trichococcus is an aerotolerant genus that exhibits a fermentative
metabolism, related with the metabolism of various sugars and
polysaccharides. Furthermore, species of this genus were described as
electroactive . Species of the genus

Pseudomonas are strict aerobics, although in some cases they can use nitrate



as an electron acceptor. Some species of this genus have been described as
EAB , such as Pseudomonas aeruginosa,
Pseudomonas alcaliphila and Pseudomonas fluorescens. Regarding the genus
Geobacter, it is the model electroactive microorganism

. Geobacter could enhance COD removal efficiency using
acetate as the electron donor and electrically conductive material as the
electron acceptor. For this reason, it appeared in a higher concentration in the

beds of carbonaceous materials, especially in those made of biochar.

Furthermore, according to the alpha diversity indices, carbonaceous
materials stimulate greater diversity of bacterial species. This is due to the
physical-chemical properties of the materials since electrically conductive
carbonaceous materials can act as extracellular TEA, favouring the growth of
EAB. In addition, materials of vegetal origin such as biochar, present oxygenated
groups on the surface that can act as quinones and/or extracellular redox
mediators, allowing the development of species that present a mediated

extracellular electron transfer.

It has also been seen how plants also favour higher diversity since,
supplying oxygen in anaerobic layers ,
allowing the localized development of aerobic microorganisms. At the root-
plant interface, the most abundant genera were Rhizobium and Herbaspirillum.
Both are within the rhizobia paraphyletic group since they are atmospheric

nitrogen-fixing bacteria.

What is the impact of using electrically conductive materials for

making a fixed bed? Does ec-coke behaves differently than biochar?

In Chapters 2 and 3 we demonstrated that in a polarized METland® made
of highly conductive materials like graphite and ec-coke led to significantly
greater electrical currents than a less conductive material, such as ec-biochar.
These differences were assigned to the different characteristics of the

predominant e-transfer mechanisms on both types of materials.
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The geoconductor mechanism, in which the EABs directly donate the
electrons to the conducting graphitic network, may prevail in ec-coke and may
involve a faster bioelectrochemical process. Furthermore, if we favour a fast
intraparticle and interparticle e-flux along the conductive bed of ec-coke, one
can envisage a fast and continuous transport of electrons from organic matter
to TEAs mediated by the EABs-coke biofilter. We have to consider that, given the
negligible microporous system and the low number of oxygen functionalities of
this material, the mediated geobattery mechanism in ec-coke must be minor.
Then, it may be easy to infer that the fast e-transfer and e-flux during this

continuous mechanism may imply a high activity of the EABs.

For the ec-biochar, the e-transfer with EABs must be greatly mediated by
its electroactive functionalities through the geobattery mechanism. The reaction
rates, in this case, are considerably slower than for the geoconductor behaviour.
In addition, the lower electrically conductivity may slow down the e-flux through
the bed, in agreement with the less marked EP profile found in our assays. In
spite of the minor e-flow, ec-biochar showed a high COD removal efficiency
which led to wonder about the electron destiny in such materials. Some of the
electrons could be used by other bacteria for N-removal (NH4* reduction to N2).
Another hypothesis is that part of the electrons might be progressively
accumulated in the micropores and functionalities (e-storing entities) of the
granules of ec-biochar. This could occur in electrically isolated domains in the
granules of this material or when the electrical resistance between contacting
granules is so high that the electrons cannot easily go across in the direction of
TEAs; or, simply, under an occasional scarcity of TEAs. It is reasonable to think
that these situations may lead to the generation of potential differences between
contacting granules. Hence, it is hypothesized that, under these scenarios, the
storage of electrons becomes of paramount importance for keeping the
metabolism of EABs, and that it may persist until the granules of ec-biochar are
so charged, i.e. the potential differences become so large, that the electrons can
overcome the different resistances to proceed towards either adjacent granules
(at different redox potential) and/or TEAs. This release of electrons (discharge)

may periodically regenerate the e-accepting capacity of the granules, triggering



the activity of the EABs. Thus, the mechanism of e-flux in ec-biochar biofilters
could be discontinuous, with repeated episodes of electron transfer-storing-
transport from organic matter to TEAs. This discontinuous biodegradation
mechanism, characterized by a slower e-transfer and e-flux, may necessarily
involve the granules of ec-biochar acting as individual supercapacitors that are

continuously charged and discharged.

From these results and discussion, we could hypothesise that the
continuous or discontinuous character of the e-flux in METlands will depend on

the e-accepting, e-storing and e-transport capabilities of their biofilters.

Can the electron flux be controlled in a METland®?

There are several strategies to control the flow of electrons in the bed of
a METland (Chapters 3 and 4). The main reasons to control e-flux are: i) to drive
the flow of electrons towards a TEA, with the aim of increasing the oxidation rate
of compounds such as organic matter, and ii) alternatively, consume the
electrons via TEA (like nitrate), with the aim of removing the nutrient from the

wastewater.

The use of a material with a high electrical conductivity is a simple and
effective way to increase e-flux along the bed. In this thesis we have evaluated
material hosting such capacity: graphite, ec-coke and ec-biochar. The
electrically conductivity of the material enables the movement of electrons
among the bed granules. In this scenario, an optimal material packing must be
determinant to overcome the electric resistances at granule boundaries. Then,
the conductivity of both the material and the bed may determine the e-transport

(e-flux) capability of the system.

Another possibility to favour e-flow is to increase the concentration of
TEA in contact with the bed material. To do this, we have developed a new device
called e-sink. By incorporating this tool into the bed, new electron fluxes
appeared and the organic matter was oxidized faster, reaching higher COD
removals rates. When oxygen is used as TEA inside the e-sink, the removal

efficiency increases up to 95% for the removal of COD. When a TEA with a higher
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redox potential is used as a TEA inside the e-sink, such as hypochlorite, the

treatment efficiency increases up to 98% of COD removal.

To favour the flow of electrons towards TEAs present in wastewater, such
as nitrate, with redox potentials lower than oxygen, we use materials in which
a discontinuous electron transfer predominates (via geocapacitor). These
materials are based on biochar-like materials, which have a high concentration
of oxygen functionalities, like phenol/quinone groups. The accumulation of
electrons in biochar could occur in the form of phenol (hydroquinone) groups,
by reduction of quinone ones (similar to a pseudocapacitive mechanism driven
by EABs), or by electrostatic forces in the micropores (similar to a double-layer
capacitive mechanism driven by EABs). Thus, the quinone-like functionalities
and micropores may contribute to the e-storing capacity of the material.
Nevertheless, it is worthy to mention that not all the quinone groups or
micropores might be susceptible to be reduced or polarized by EABs,
respectively; and that, for effective storage, certain conductivity and reversibility
of the processes may be necessary in both cases. The accepted electrons finally

reduce a nearby terminal electron acceptor (TEA).

Taking into account all these materials properties and possibilities, the
wastewater treatment by the metabolism of EABs may mainly depend on (i) the
number of electrons that can be accepted and/or stored by the biochar granules
(ie the e-accepting and e- storing capabilities), and/or (ii) just the possibility of

the electrons to find TEAs for renewing these capabilities.

How robust is METland technology?

In the publications presented, we have worked with METlands systems
that have been operated under different conditions. We have designed different
reactor configurations, in order to test different materials such as bed, reactor
volumes and organic loading rates, among other factors. Lab scale METland®
operating flooded in upflow mode (Chapter 2, 3, 4) fed with real urban
wastewater, revealed a COD removal rate in a range of 140-180 gCOD/

bed-m3day, capable of supporting footprint as low 0.6 m?/pe



.Regarding the oxidation of ammonia, a higher efficiency (80-99%%) was
observed in reactors with biochar as bed material, including 90% of total
nitrogen. This data are consistent with previously reported. Furthermore, in
Chapter 4, we have demonstrated how, by incorporating an extra TEA through
the e-sink, the efficiencies in the oxidation of compounds increase reaching

values of 98% in urban wastewater

After this study, we can confirm that electrically conductive carbonaceous
materials have a positive effect on the elimination of organic pollutants and that,

specifically, biochar-based materials promote a higher elimination of ammonia.

Is the full-scale implementation of METland technology a reality?

In Chapter 5 we discussed the scaling problem of METland® technology.
Although previous studies

have shown that the scaling of METlands for the treatment of urban wastewater

is feasible, here we have i) first, validate a design for treating

manure wastewater at lab scale, and ii) scale up the system to be implemented

in an Animal Nutrition Research Institute (CSIC, Granada).

Our METland® design is a combination of different stages: a) anaerobic
reactor for promoting denitrification; b) downflow METland® to oxidize COD and
ammonium, and finally c) flooded METland® to final polishing stage. The whole
system showed greater efficiencies in the removal of COD (90%) and total
nitrogen (96%). In conventional systems such as the Upflow Anaerobic Sludge
Blanket (USAB) the COD elimination is 80%, in the Anaerobic Baffled Reactor
(ABR) it is 60% and in the Sequencing Batch Reactor (SBR) it is 70%)

In this livestock context, METland® technology is an eco-friendly solution
with zero-energy operation cost, landscape beautification and ICT remote
control, since the conversion of sewage treatment into the electric current can
be used as an output signal to inform users remotely. In addition, it is key to

integrate a tertiary treatment to eliminate pathogens from the effluent, obtaining
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safe water for irrigation, giving a second life to the waste produced by the

livestock industry.

Intensifying the extensive, have the METlands succeed?

Constructed wetlands are an extensive technology that provides a quick,
economical and satisfactory solution to the problem of wastewater treatment in
small communities. However, as the name of the technology indicates, they
require large areas of land (> 1 m?/p.e). These high surface requirements for the
implementation of extensive technologies constitute one of the main challenges
for its expansion in countries where it is not easy to have these surfaces.
Another important handicap is the fact that extensive technologies do not have
the same capacity as intensive technologies to deal with alterations in operating

conditions (such as increases in flow rates and organic loads to be treated).

The objective of integrating METs into CWs was to incorporate those
benefits from intensive treatments without missing those of extensive
treatments. Indeed, we have managed to overcome this challenge. METland
technology, as we have shown, has zero operating cost, low maintenance cost,
low production of odors, and a good landscape integration that gives the value
from an ecological point of view. On the other hand, we have reached, and
exceeded in many cases, the performance of intensive technologies. We have
shown that METlands have the ability to cope with variations in volume and
quality of the influent (Chapters 3 and 5). So, it is feasible to implement this
technology in urban locations where wastewater production fluctuates annually
(such as in residential vacation areas). In addition, the surface requirements
have been reduced by up to 88%. For example, with a constructed wetland
(extensive technology) the necessary area for a population of 200 equivalent
inhabitants would be around 550-700 m% moreover, with an aerated wetland
(intensive technology) the necessary area is 125 to 150 m?, however, with
METland technology, this area has been reduced to 80m? while maintaining zero

energy costs. On top of that, new design of modular METlands using larger



heights of electroconductive beds are treating same pe number in roughly 16

m2.

In conclusion, in this thesis we have validated a robust, efficient and
economical technology that can be implemented on a real scale, capable of be
used it in a wide range of locations such as green areas, or even on the roofs of
residential and service buildings, in isolated communities, eco-neighborhoods,

scattered communities and gardens of single-family homes.
6.2 Final conclusions

The general conclusions that can be withdrawn from this thesis are the

following:

- The integration of Microbial Electrochemical Technologies (METs) in

Constructed Wetlands (CW) is a suitable solution so-called METland
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capable of efficiently treating wastewater.

- The presence of electrically conductive materials promotes the
development of electroactive bacteria (EAB), like species from Geobacter
genus, generating electrochemical syntrophies, that favour pollutant

removal.

- Electrons are generated by EABs in the anodic areas, then transferred by
EET to the electrically conductive bed material. The electrons will migrate
to cathodic areas, where soluble terminal electron acceptors (TEA) are
present. Thus, we have unequivocally demonstrated that the METland acts

as a snorkel.

» The bed material will determine the flow of electrons. ec-coke has a low

electrical resistance that favours a continuous electron transfer, the so-

called geoconductor mechanism. On the other hand, ec-biochar has a lower
electrical conductivity but exhibits oxygenated groups (quinones) so a
discontinuous electron transfer is favoured, the so-called geobattery

mechanism.
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- The flow of electrons in a METland can be controlled through a new
electrochemical device so-called e-sink. Now, we can bring TEA and setup
cathodic areas at any environment inside METland, in order to increase the

electron flow and then the pollutant removal.

- METland technology has been validated as a robust and intensive
technology, capable of treating different types of wastewaters under
different modes of operation. The implementation on a full-scale system in
the livestock sector opens the technology to new applications beyond urban

wastewater from small communities.
6.3 Recommendations and future work

Recommendations for future research are made based on the results
presented in this thesis. The main outcome of this work is that METlands are a
versatile, controllable and environmentally sustainable technology to treat
wastewater in a wide range of locations. Nevertheless, some limitations should
be overcome and optimization of an operational configuration should be
addressed. This challenge may need researching efforts in multiple disciplines

including biotechnology, geochemistry, material science and electrochemistry.

a) In order to obtain a better understanding of the extracellular electron
transfer process occurring between electroactive bacteria and electrically

conductive bed, a number of additional assays should be performed:

In the current work, we have successfully presented a species-level
characterization that allowed us to identify the key bacteria. However, a
deeper analysis concerning gene expression could provide further
information. Proteomic or metabolomic studies would clarify the role and
importance of many bacterial species in wastewater treatment since not
always the most abundant species are the ones that have the determining

role.

Electric potential profiles have proven to be a useful tool for measuring the
electron flow in the METland bed. However, more studies must be

performed to correlate with the elimination of COD and clean-up efficiency



of the system. Furthermore, alternative TEAs should be investigated,
including the direction, sense and magnitude of the electron flow. It is a tool

with potential application on-site for quantification of treatment efficiency.

Another field that requires future study is that of carbonaceous materials.
Here we have shown the implications of their physicochemical properties
may have on electron transfer and pollutant removal. However, a deeper
exploration of their properties, together with their interaction with
electroactive bacteria would allow an optimization of the technology, and

eventually a customization for every specific case.

METlands have proven to be a robust technology for COD removal. They are
also effective for the removal of nitrogenous compounds under anoxic
conditions, but understanding the microbial mechanism involved is key to

promote them and develop a complete wastewater treatment. In addition,
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the elimination of another nutrient that pollutes wastewater, like

phosphorus, must be studied.

b) To consolidate this technology as a competitive wastewater treatment

in the water market, a number of barriers should be addressed:

Back to the future: the impact of micropollutants present in wastewater is
matter of concern and it will be incorporated into water legislation very
soon. In this context, METland have been proved to be effective for
removing micropollutants from urban wastewater

However, due to the vast diversity of such chemicals (drugs, cosmetic
compounds, flame retardants) it is necessary to investigate such removal
capacity with water of different sources, in combination with the most

accurate analytical equipment.

Sustainability. is one of the most attractive features behind METland

technology, already confirmed by recent life cycle assessments (LCA)
. However, we can anticipate in the future
new configurations and new materials that will have in LCA the right tool

to be evaluated. Production, distribution, use and end of life (reuse,
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recycling, recovery and disposal of residues / waste), together with the use
of resources ("inputs" such as energy, raw materials, water) and
environmental emissions ("outputs" to air, water and soil) should be must

be quantified in order to assist stakeholders for accepting METland®.

Social acceptance: METland technology can be implemented on
a full scale in various geolocations, but it is necessary to study the factors
that determine the optimal locations for METland. In addition to climatic
conditions, factors such as land use, distance to rivers and distance to
population centres could help to choose the ideal location for the

construction of a METland
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(gravel, nc-biochar, ec-biochar and ec-coke) operating up-flow in absence or
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Figure 2.7. Cyclic voltammograms of a single granule of nc-biochar, ec-biochar and ec-
coke from the non-planted bottom system at different stages (biofilm-free (black),
10 days (red) and 20 days (blue)). Scan rate 10 mV/s; phosphate buffer 100mM,
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Figure 3.2. Normalized X-ray diffractograms (A) and Raman spectra (B); the electrical
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Figure 3.3. Steady-state cyclic voltammograms of a single granule of the different
biofilter materials just after inoculation (Geobacter sulfurreducens) (t = 0) and after
polarization at 0.2 V (vs. Ag/AgCl/Cl-(sat.)) for 7 days (t = 7) to promote biofilm
growth; scan rate = 10 mV/s; fresh water medium, 20 mM acetate........cecrrerurrene.nr. 195

Figure 3.4. Evolution of acetate concentration in the biofilters operating in (A) batch and
(B) continuous (HRT = 3.3 days) mode. NC, non-conductive gravel; G, graphite; C,

coke; QB, Quercus electroconductive biochar SR 1.

Figure 3.5. Average COD removal rate including + standard errors in each biofilter
without polarization, referred to HRT = 2 days and two different OLRs in urban
wastewater. NC, non-conductive gravel, G, graphite; C, coke; QB, Quercus
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Figure 3.6. (A) Average effluent COD (showing discharge limit*); and (B) COD removal
rate, including + standard errors, in each biofilter submitted to different polarization
conditions (NP = non-polarized, in which the open circuit potentials were: -420 mV,
-427 mV and -429 mV for the graphite, coke and biochar, respectively). (C-D)
Evolution of the COD removal efficiency (dots) and the microbial electrical current
(lines) while treating real urban wastewater using electroconductive biofilters
anodically polarized at (C) 0.4 V and (D) 0.6 V (vs. Ag/AgCl/Cl- (sat.)). Influent COD
= 800 mg/L; HRT = 2 days. NC, non-conductive gravel; G, graphite; C, coke; QB,
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Figure 3.7. Scheme of the proposed geoconductor and geobattery e-transfer
mechanisms between bacteria and carbon materials, emphasizing their possible
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Figure 3.8. SEM micrographs of the carbonaceous bed materials after being used as
polarized (0.6 V) electrogenic biofilters: (A-C) graphite; (D-F) coke; and (G-I)
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AEM Anion exchange membrane
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Horizontal subsurface flow
Interspecies electron transfer
Current density

Membrane bioreactor
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Microbial electrochemistry

Microbial electrolysis cell
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Microbial electrochemical fluidized bed reactor
Microbial electroremediating cell
Microbial electrochemical snorkel
Microbial electrosynthesis

Microbial electrochemical technology
Microbial fuel cell

Nitrogen

Nature-based solutions
non-electrically conductive biochar
Nitrite oxidizing bacteria

Open circuit potential
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Organic matter
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Phosphorous

Population equivalent

Proton exange membrane
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Sequencing batch reactor
Supplementary data
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Temperature-programmed desorption
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P
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VF
WE
WFD
WWT
WWTP
XPS
XRD

Theoretical oxygen demand

Total nitrogen

Total nitrogen loading rate

Total organic carbon

Total phosphorous

Total suspended solids

Up-flow

United Nations development programme
Vertical flow

Working electrode

Water framework directive
Wastewater treatment
Wastewater treatment plant
X-ray photoelectron spectroscopy
X-ray diffraction








