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Abstract 

Climate change is a complex and cross-cutting problem that needs an integrated and 

transformative systems approach to respond to the challenge. The complex interdependencies 

between climate change, water, energy and other social and environmental factors present a 

challenge for researchers and policy makers. 

MFCs (microbial fuel cells) are an emerging biotechnology that could contribute to overcome 

the current energy crisis and meet water needs in developing world countries. Thus, this 

technology has become the focus of many research studies trying to improve its performance 

by investigating alternative materials and determining optimal operating conditions. In this 

work, a new single-chamber air-cathode microbial fuel cell configuration has been used to 

operate in continuous mode with vertical and horizontal up-flow. This design incorporates a 

novel embedded ionic liquid-based membrane-cathode assembly working as separator. The 

ionic liquid selected for the present work is triisobutyl (methyl) phosphoniumtosylate, 

[PI4;I4;I4;1
+][TOS-]. MFC performance is investigated in terms of electricity production and 

wastewater treatment for various feed flow rates. It has been concluded, that the effectiveness 

of treatment is directly dependent to the HRT, pH, T° operated in continuous mode, and the 

highest performance of wastewater treatment was reached for the flow of 0.25 ml.min-1. 

Nutrients transport through polymer inclusion membranes based on different concentrations of 

methyltrioctylammonium chloride, was also investigated in this work, in order to broaden the 

application range of these kinds of membranes. Calcium chloride (CaCl2) and sodium hydrogen 

phosphate (Na2HPO4) nutrients were used at the concentration of 1 g.L-1 in the feeding phase. 

The evolution of the concentration in the receiving phase over time (168 h) was monitored and 

the experimental data fitted to a diffusion-solution transport model. The results show very low 

permeation values for CaCl2. 

By contrast, in the case of Na2HPO4 the permeation values were higher and increase as the 

amount of ionic liquid in the membrane also increases. The surface of the membranes was 

characterized before and after being used in the separation process by scanning electron 

microscopy coupled to energy dispersive X-Ray spectroscopy (SEM–EDX) and elemental 

mapping analysis. The SEM–EDX images show that the polymer inclusion membranes studied 
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are stable to aqueous solution contacting phases and therefore, they might be used for the 

selective transport of nutrients in separation processes. 

Microalgae have been identified as one of the newest bio-material due to its use in microbial 

fuel cells (MFCs). The resulting microalgae-MFC systems can produce electricity using the 

electrons released to the anode during microalgae degradation. Furthermore, microalgae can be 

grown in the cathode chamber, capturing the CO2 therein and using light as power source. 
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Global situation: 

Climate change is a complex and cross-cutting problem that needs an integrated and 

transformative systems approach to respond to the challenge. The complex interdependencies 

between climate change, water, energy and other social and environmental factors present a 

challenge for researchers and policy makers. 

Furthermore, governments have identified water as a key to climate change adaptation and most 

efforts to reduce greenhouse gas emissions depend on reliable access to water resources. 

Nowadays worldwide, access to safe water of about 3.5 billion people are not fulfilled, nearly 

2.5 billion people do not have admittance to improved sanitation and around 768 million people 

do not have admittance to improved source of water, and water contamination and lack of 

sanitation and hygiene cause approximately 1.7 million deaths every year.  

According to some estimation, through 2050 more than 40% of global population will live in 

conditions of severe water stress. The population growth, economic development and urban 

expansion will increase demand of freshwater in the future, which in turn will affect water-

intensive industries.  

The United Nations has completed recently a report that calls for a radical rethink of policies to 

manage fresh drinking water. It has been mentioned that freshwater is not being used 

sustainably, and water management is fragmented, concluding that the future of the humanity 

is increasingly uncertain, and risks are set to deepen. Efficient management of water resources 

is therefore of vital importance, especially in areas that are heavily urbanized or industrialized.  

Morocco was listed among the 27 countries facing a high level of water stress according to a 

report issued recently by the World Resources Institute. Morocco was ranked 22nd in a list 

where Qatar, Lebanon were described as most countries facing an extremely high level of water 

shortage threat. 

By 2020 Morocco is predicted to have a water crisis. The South of Morocco, for instance, is 

already under considerable water stress. Food, chemicals, electronics, construction materials, 

mechanical, metal, leather, and textiles are the main industries in Morocco. The north west of 

the country knows the major concentration of industrial activity. The majority of domestic and 

industrial wastewater of the urban and rural centers is released in the nature, without 
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preliminary treatment. "Rivers receive directly approximately 30% of total water pollution and 

27% is absorbed by soil and groundwater. Industrial effluents convey heavy organic and toxic 

pollution. 98% is poured into the sea (944.7 million of m3) and the remainder into the water 

network or directly onto the ground".  

From another side and according to the latest World Energy Council’s Energy, Morocco ranks 

68th in energy dependency. High external energy dependency is the main reason behind a very 

poor performance in the area of energy security – and responsible for this low overall rank. The 

other two dimensions of energy equity and environmental sustainability are similarly below 

ideal levels. Morocco spent 69 billion MAD on imported energy in 2017. However, energy 

demand has been continuously growing over the last ten years at an annual rate of 4%.  

The world is dependent on energy both for human wellbeing and society's continued 

development. Energy use is however also one of the human systems that is most directly 

influenced by changes in climate, which makes it crucial to gain insight into the impacts of 

climate change on energy demand. 

Indeed, the most widely used energy sources are based on fossil fuels even though it is well 

know that the reserves of oil, gas, coal or uranium will be exhausted in 55–75 years. The 

increase in the world population, estimated at around 9.7 billion people in 2050, along with a 

sharp economic growth of emerging countries as China and India, will increase the energy 

needs of the world.  

Energy demand worldwide grew by 2.3% last year, its fastest pace this decade, an exceptional 

performance driven by a robust global economy and stronger heating and cooling needs in some 

regions. The continued use of fossil fuels has several negative environmental impacts due to 

greenhouse gas (GHG) emissions to the atmosphere, such as CO2, which contributes to global 

warming and the acidification of the oceans. 

The long-term solution to such environmental problems is the development of renewable 

technologies to produce energy that will reduce CO2 emissions to almost zero in 2100. To 

stimulate and promote research in the bioenergy field new policies have been adopted around 

the world. Thus, in July 2015, Denmark generated 140% of its electricity needs from wind 

energy and shared its excess with other countries.  
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This demonstrates that renewable energies are feasible for satisfying the world's energy needs. 

A recent report from the International Energy Agency (IEA) reveals that the energy produced 

from biofuels and waste have the highest potential. The energy obtained from biofuels and 

waste represented 10.0% of the world's total primary energy supply, compared with 2.4% from 

water, and 1.1% from other sources such as the wind or the sun. Therefore, it is expected that 

biofuels will play an important role in the future as sustainable energy source. 

MFCs (microbial fuel cells) are an emerging biotechnology that could contribute to overcome 

the current energy crisis and meet water needs in developing world countries. MFC is a device 

that transforms the chemical energy present in a substrate into electrical current. Simple 

substrates such as acetate or lactate can be used as fuel, but the real potential of this technology 

lies in employing different types of wastes as fuel, usually domestic or industrial wastewater.  

In this way, microbial fuel cells would allow these effluents to be treated while simultaneously 

generating electricity, offering a two-fold benefit. However, in order to facilitate the 

commercialization of this technology, it is necessary to reduce the overall cost of the devices 

as well as improving the energy harvesting. Thus far, different kinds of membranes have been 

explored, for instance, Ion-Liquid-based membranes have shown promising results in gas 

separation and metal extraction. The use of IL-based membranes addresses both challenges by 

replacing the expensive and sometimes low-efficiency commercial membranes. 

Another available option to produce bioenergy and one of the most promising is the use of 

microorganisms. Microalgae are photo synthetic microorganisms that have the ability to 

accumulate lipids, hydrocarbons, etc.  

Many studies demonstrate that the development of this biotechnology could supply 30% of the 

global fuel demand in an environmentally friendly way, without having a negative impact on 

food production. Some research works confirm that the production of biodiesel using 

microalgae is more sustainable than its production from agricultural crops since the process 

does not affect the supply of agricultural products.  

Recent research on microalgae have recognized this new bio-material as an auspicious 

technology for wastewater treatment, bioenergy production, high value added products 

development and CO2 capture. Microalgae can be used to produce bioethanol, biodiesel, 

hydrogen or methane.  
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In recent years, MFCs technology was combined with algae as the oxygen supplier. In this case, 

bacteria degrade the organic matter in the anodic chamber while algae grow in the cathodic 

compartment, providing the oxygen necessary for completing the redox reaction on the cathode. 

Furthermore, algae are able to capture carbon dioxide and the algal biomass produced could be 

used for the production of added-value compounds. 

This novel approach could improve the wastewater treatment efficiency and the power 

performance of MFCs. 

Moreover, the transport of specific compounds from the anode to the cathode might also help 

algae growth, reducing the nutrients added to the cathode chamber. The selective transport of 

nutrients through the membrane will allow us to design a more efficient system for both 

wastewater treatment and bioenergy production. 

Consequently, our work will focus on the following aspects: 

• Wastewater treatment and energy production by continuous MFC 

• Nutrients transport throught membrane for microalgae culture 

• Microalgae as alternative in MFC 
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Overview, objectives and focus of the work 

Nowadays, society is facing various problems, among which are finds the wastewater treatment 

and the high amount of energy linked to those equipments, including the problem of energy 

dependence on fossil fuels and environmental problems caused by this kind of fuels. 

Fossil fuels are an ideal source of energy, as they provide a high-density, transportable energy. 

But the current energy model based on fossil fuels has three major drawbacks. On the one hand, 

the inevitable lower rate of return and its non-renewable character. On the other hand, the 

problem of environmental pollution, both globally and locally perceived which derives from its 

intense use. Finally, the geographical distribution of the reserves, only a few countries control 

the world production of these hydrocarbons, with the consequent economic consequences and 

shortages that a political conflict between these countries and the rest could be generated. 

Therefore, the development and implementation of alternative renewable energy is the subject 

of many studies. 

As for the problem of wastewater, all activities carried out by humans involve the generation 

of contaminated effluents. In the case of domestic and industrial wastewater, the main pollutant 

is organic matter. The best-known treatment for eliminating organic matter from wastewater is 

the biological activated sludge process. This treatment has some drawbacks, such as the high 

energy consumption involved in supplying oxygen and generating a large amount of sludge. 

Furthermore, this treatment does not make use of the energy content of the organic matter in 

the wastewater. If this energy could be recovered, wastewater treatment plants could become 

self-sufficient. Currently, a large number of research groups are studying the energy recovery 

of wastewater. One of the newest technologies that are receiving more attention is microbial 

fuel cells. 

The main objective of this Doctoral Thesis was the wastewater treatment of effluent whose 

main pollutant is biodegradable organic matter, such as wastewater from the oil industry, and 

energy recovery by means of microbiological fuel cells. The aim was not only to remove 

organic matter from the wastewater but also to produce electricity taking advantage of the 

energy content of the organic matter removed.  The main objective has been divided in three 

specific research works: 
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• Study the treatment of industrial oil wastewater and the simultaneous production of 

electricity in a self-sustaining and environmentally friendly Microbial Fuel Cell that 

performs in two different reactors with two different flows, with a focus on factors 

influencing wastewater treatment in microbial fuel cell. 

• Study the nutrients transports through polymer inclusion membranes based on ionic 

liquids, in the aim of their potential application in double-chambers microbial fuel cells, 

giving a new way to feed microalgae in double compartments MFCs in the aim of their 

culture.  

• Present methods that allow taking advantage from microalgae benefits by their use in 

MFCs systems, either in a double chamber MFC or in a single countinous flow MFC, 

It can be used in the anode as an electron donor or in the cathode as an electron acceptor. 

This PhD thesis consists of five chapters; it includes a background discussion of the most 

relevant literature regarding wastewater treatment and energy production by microbial fuel cells 

using new configurations and substrate. 

This dissertation is divided into five chapters:  

Chapter 1 is a general introduction to separation processes, reactor design, single & double 

chamber microbial fuel cell configuration. 

The basis of this first chapter is also to provide a general background of operational factors 

affecting MFC performance, electron transfer mechanisms, investigation of IL based membrane 

in transport, practical applications, scale-up, and finally resuming the opportunities and 

challenges for MFCs in wastewater treatment.  

Chapter 2 describes Ionic-liquid based PIMs, tested mainly as separator in new horizontal and 

vertical configurations of MFCs fed with wastewater. the efficiency of wastewater treatment 

through the MFC system, the effluent from the reactor is examined with regard to, COD 

(Chemical Oxygen Demand), total P (Phosphorus), TSS (Total Suspended Solids), SO4
2- 

(sulfate), Cl- (Chloride), NO3
- (Nitrate), HPO4

2- (Hydrogen phosphate), Fe2+ (Iron) and pH, 

Total suspended solids, hardness, alkalinity and ion analysis. 

Chapter 3 aim is to analyze the transport of nutrients such as CaCl2 and Na2HPO4 through 

polymer inclusion membranes based on ammonium-based IL. The concentration evolution in 
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the receiving phase over time is monitored and the experimental data fitted to a diffusion-

solution transport model.  

The surface of the membranes is characterized before and after being used in the separation 

process by scanning electron microscopy coupled to energy dispersive X-Ray spectroscopy 

(SEM–EDX) and elemental mapping analysis.  

Chapter 4 is a Review describing the current technologies based on microalgae used to produce 

bioenergy and discusses their advantages, limitations and future prospects. Microalgae appear 

to be a solution for many environmental problems. The resulting microalgae-MFC systems can 

produce electricity using the electrons released to the anode during microalgae degradation. 

Moreover, microalgae can be cultivated in the cathode chamber, using light as power source 

and capturing the CO2. 

Chapter 5 presents the major conclusions drawn from this dissertation. Recommendations for 

potential future research are also addressed in this chapter.  
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1. Electricity production  

The energy model that is currently spreading throughout the world, dominated by 

hydrocarbons, is confronted with two major constraints: (i) the scarcity of stock energy (coal, 

natural gas, oil, uranium) on a human scale, a constraint often associated with another concern 

- the volatility of energy prices -, and (ii) the phenomenon of anthropogenic global warming. It 

is based on the massive exploitation of stock energy stock, non-renewable, high-yield energy. 

These limits justify the need to make a transition towards a more sustainable energy system, 

giving a more important place to renewable energies. Consequently, it is important to work on 

other green technology before the natural resources completely ran out. Morocco's energy 

sector is almost entirely dependent on imported fossil fuels. Oil only accounts for about 62% 

of these imports. Morocco's ambition is to strongly develop renewable energies in the electricity 

production sector: in 2009, it was set as a target to increase the share of these sectors to 42% of 

the total installed capacity of the Moroccan electricity fleet by 2020. Morocco has since 

specified that renewable energies should account for more than 52% of the country's electricity 

capacity by 2030. To achieve this, the country is banking on the various renewable energy 

sources: wind power (9.5% of electricity production in 2017), hydroelectricity (4%), solar 

power (1.3%), including in particular thermodynamics plants, etc. Another concern in Morocco 

is the water scarcity and the focus on new wastewater treatment technologies which can reuse 

treated water in agriculture and other industries. Further research still needed in the fields of 

renewable energy and wastewater treatment, in particular, Microbial Fuel Cells (MFC) which 

is an emerging technology that could treat wastewater and simultaneously generating 

electricity. 

2. Wastewater treatment 

The total amount of wastewater (sewage, industrial and agricultural) globally discharged to 

water bodies is tens of millions of cubic meters per day [18]. According to some estimation, 

about 80-90 % of all wastewater in developing countries is not treated [19]. For instance, an 

estimated treatment capacity for sewage generated in major cities in India is only about 30 % 

[4]. Whereas in EU about 82 % of all generated urban wastewaters have received secondary 

treatment in 2009-2010 [20]. 
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Amount of industrial wastewater varies significantly from country to country. In general, almost 

all water utilized for industrial purposes ends up as wastewater. In developing countries, 

quantities of wastewater generated by the same type of industry are generally higher [5,21]. 

There are several types of pollutants in wastewater. They have been identified progressively 

and thanks to improvements in detection techniques. The first elements to attract attention were 

bacteria, which cause health problems such as cholera. Domestic wastewater is also a source of 

organic matter, dissolved or in particulate form or in particulate form which contains carbon, 

nitrogen and phosphorus; these nutrients in too high concentrations enrich the environment 

where they are discharged, soils and surface waters. 

Then new problems arrived. The industrial revolution brought many metallic pollutants as well 

as toxic chemicals such as nonylphenols found in the paper industry. The pollutants that we are 

discovering today are active compounds such as detergents, medicines, hydrocarbons and 

endocrine disruptors. Their presence is directly related to their daily use by the population. 

These new pollutants are as many challenges to be taken up and as many new technologies to 

be created to meet them. 

The conventional aerobic treatment of low-strength wastewaters such as domestic wastewater 

faces not only high capital expenditure but also considerable operational and energy 

consumption costs. The aeration of sewage represents an energy demand of about 0.5 kWh/m3, 

amounting to an energy use of the order of 30 kWh per capita per year. 

Furthermore, large amounts of excess sludge are produced, requiring an appropriate treatment 

and disposal [118]. 

2.1. Conventional Methods of Wastewater Treatment 

Wastewater treatment methods are diverse and can be classified into three categories: primary, 

secondary and tertiary treatments. A physical and biological classification can also be 

attempted, which roughly amounts to distinguishing primary treatments on the one hand and 

secondary and tertiary treatments on the other hand. 
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2.1.1. Physico-chemical treatments: Primary treatments 

Pre-treatment is a coarse purification phase. All the large and coarse solid elements are 

eliminated (sand, fats) which could damage the installations later. It should be noted that about 

35% of the pollutants are removed. [22] 

The primary treatment in the strict sense is a physical-chemical treatment. It is possible to add 

coagulants and flocculants to the water. A large number of suspended particles can then be 

recovered by decantation or flotation (physico-chemical sludge). 

This step allows to eliminate 90% of the particles and objects in suspension. [30, 32, 57] It is 

common to most wastewater treatment plants. 

2.1.2. Biological treatments: Secondary treatments 

These treatments are biological and allow to eliminate dissolved pollutants. For this purpose, 

populations of micro-organisms capable of consuming them are used. The general principle is 

to promote the growth of communities of aerobic bacteria, i.e. which take O2 for their 

metabolism. Among the wide range of existing processes, we quote below the main 

technologies: 

- Lagooning: This is an extensive system in which wastewater flows through one or more 

shallow basins. While the suspended solids settle at the bottom of the basins, self-purification 

is carried out naturally, and therefore quite slowly, which requires long residence times and 

therefore large surface structures. No energy source is necessary because oxygenation is natural 

and water circulation is by gravity. 

- Activated sludge: a mainly aerobic heterotrophic biomass is kept in suspension by an aeration 

system maintained in suspension by an aeration system which also ensures the oxygenation of 

the of the basins. These aeration systems can be air diffusers (fine, medium or large bubbles) 

air diffusers (fine, medium or large bubbles) located on the inverts of the tanks or surface 

agitators mixing water and air by mechanical agitation.  

- The bacterial bed: the water flows by gravity over a lined reactor on which the biomass 

develops. The substances contained in the wastewater flowing over the packing are trapped by 

the biofilm and then degraded by the attached biomass. Periodically, plates of biofilm are 
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detached from the lining and are carried away with the water. At the exit of the bacterial bed, 

the water goes through a clarifier where it is separated from the sludge, consisting of the 

detached biofilm fractions, by decantation. The oxygenation of the biomass is done by natural 

air circulation through the packing and by diffusion of oxygen through the biofilm. 

2.1.3. Tertiary treatments 

These treatments are both physical-chemical and biological. They are carried out after the 

primary and secondary treatments in order to eliminate residual nutrients, resistant organic 

pollutants, metals and pigments. The most common processes are microfiltration (MF), 

ultrafiltration (UF), nanofiltration (NF), reverse osmosis (RO) and filtration on granular media 

(sand, anthracite,...). Infiltration-percolation can also be used as a finishing treatment. 

3. Microbial Fuel Cells 

Microbial fuel cells (MFCs) are devices that generate electricity from the degradation of organic 

compounds by bacteria. They operate on the principle of fuel cells with an anodic part, 

producing electrons and a cathodic part consuming electrons. These electron transfers are 

carried out by living microorganisms in the form of biofilms. These biofilms which develop on 

the two electrodesallow the multiplication ofbacterial communities so-called electroactive. 

Bacterial electroactivity is defined for a biofilm as its ability to exchange electrons with a 

conductive surface without the use of external mediators [23]. 

The concept of the microbial fuel cell (MFC) was discovered by the professor of botany at the 

University of Durham, Michael Cresse Potter in 1911, when he published that animmersed 

platinum electrode in yeast cultures (Saccharomyces cerevisiae) or bacteria (Escherichia coli) 

is able to generate an electrical current or an E.M.F. In 1931, B. Cohen confirmed these results 

after serially connecting microbial fuel cells that generate a voltage of about 35 V for a current 

of 2 mA.Until the 1960s, interest in MFCs decreased because of the low power densities 

produced and the lack of understanding of the physical phenomena involved to improve them. 

In 1963, MFCs gained popularity when NASA proposed to feed space applications with MFCs 

created from human waste [119]. This renewed interest is also due to the advances made in the 

world of biochemistry and microbiology. Over the last decade, understanding the different 
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mechanisms governing the operation of MFCs has made it possible to optimize their design and 

thus increase power output [24-25]. 

Research has led to the development of MFCs that recover energy from various naturally 

occurring substrates, such as terrestrial soils, wastewater or urine. Since the early 2000s, there 

has been a significant increase in the number of publications devoted to MFCs. 

3.1. Principle of MFC Electricity Generation 

 

 
 

Fig1: Configurations of bioelectrochemical systems: Microbial fuel cell [top left], microbial 

electrolysis cell [top right], microbial desalination cell [bottom left], and microbial electrosynthesis 

[bottom right].[26]. 
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Unlike ordinary fuel cell, Microbial fuel cells can operate at natural temperature and 

pressure. MFCs outperform other wastewater treatment technologies like activated sludge and 

aerated lagoon [25]. InitIially, the single-step transformation of organic matter as a substrate to 

electricity ensures improved conversion capacity. Secondly, an MFC could avoid more gas 

treatment operation due to its CO2-rich off-gas; finally, single-chamber MFCs do not need any 

external energy input; further, it can be appropriate for large application in locations with less 

electrical facilities[27]. 

Microbial fuel cells perform likewise the hydrogen fuel cells, which have been broadly studied. 

A part of the energy incorporated in biodegradable substrates may be directly converted into 

electricity. This transformation became possible via oxidation, at the anode, of the organic 

components by bacteria as exoelectrogens. These microorganisms, which are present in nature 

present, remain to the anode in order to form an electroactive biofilm. This biofilm functions 

as a catalyst for the oxidation reaction but also as the final electron acceptor the anode material. 

Thus, these electrons circulate in the external circuit defined by a resistor and reach the cathode 

where the oxygen reduction reaction took place [28]. 

 

 

Fig 2: Stages of biofilm development [28]. 

 

In a common Microbial Fuel Cell, microbes are used to oxidize the substrate in the anode 

chamber; afterwards, the electron liberated from the microbes flow to the cathode by the 

external wire. The anode chamber consists of microorganisms, which are working as a catalyst, 

and an electrode (anode). It can be alimented with wastewater or growth media called anolyte 

and redox mediator. During bacterial substrate catabolism, the fundamental protons and 

electrons extracted combine with oxygen to form H2O on cathode. 
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Commonly, electrons migrate to the cathode via a conductive wire connected to an external 

resistance. The protons which move through the membrane are reduced by the electron 

acceptors (e.g., O2 to water) at the cathode [29]. Usual electrode reactions are shown below 

using acetate as a substrate: 

 

Anode half-cell reaction: 𝐶𝐻3𝑂𝑂
− + 2𝐻2𝑂

        𝑚𝑖𝑐𝑟𝑜𝑏𝑒𝑠         
→            2𝐶𝑂2 + 7𝐻

+ +  8𝑒− (1) 

Cathode half-cell reaction:  2𝑂2 +  8𝐻
+ + 8𝑒−  → 4𝐻2𝑂    (2) 

    ΔG = - 847.60 kJ/mol; EMF =1:10 V   (3) 

  

 

 

Fig 3:  Operating principle of a microbial fuel cell 

3.2. Capacity of Wastewater treatment and COD removal 

Organic matters are utilized as fuel for electricity generation in MFCs. Although 

complexorganic substrates improve the growth of various microorganisms, it is much more 
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difficultto explore the role of each microorganism as the usage efficiency of suchsubstrates 

differ largely within members of the varied community of microbes. Simple substrates, such as 

glucose and acetate, which are the very usually used, allow to correlatethe productive output of 

MFCs; although the hydrolysis products of lignocelluloses fromagriculture waste has also 

shown to be a satisfying substrate for MFC operation. Furthermore, it is necessary to optimize 

the concentration of substrate so that it is neither too high to discourage growth nortoo low to 

restrict microbial growth. When complex wastewater is used assubstrates for microorganisms, 

organic matters oxidation from wastewater reduces thepollutant load and raise water purity 

apart from the generation of electricity [30]. 

Different wastewaters have been utilized as a substrate in the anode chamber of MFCs 

to confirm the capability of MFCs to degrade complex components from wastewater 

Generally, complex hydrocarbons are present in wastewater, such as nitrobenzene, 

phenols, naphthalene, cyanide, ammonia, petroleum hydrocarbons, 

etc. Furthermore, wastewater contains synthetic organic compounds (pesticide, insecticide, and 

pharmaceutical drugs), and heavy metals (As+, Cr+, Cu+, etc.). The composition of 

wastewater indeed varies with the category and source of wastewater. Complex organic matter 

may be oxidized in MFCs to provide electrons, which could be tapped for electricity 

generation. In this stage, microorganisms are required and must be exoelectrogenic, and also 

have the ability to oxidize substrates. So far, MFC application for wastewater treatment still not 

developed in laboratories or at large scales. Nevertheless, it is obvious that with the growing 

interest of MFCs around the world, MFCs will be tested for higher-scale goals in the future. 

According to FAO, more than 40% of produced wastewater is provided from  Agro-Industrial 

and municipal Wastewater.Recent investigations on electricity generation by MFCs using agro-

industries wastewater including effluents of rice mill, palm oil mill, fertilizer producing 

industries, etc., as substrates is being studied at a laboratory scale [31]. A maximum power 

density of 1771 mW/m2 was obtained from a cassava mill effluent [32]. A high COD removal 

efficiency (more than 96.5%) was obtained after the treatment of a palm-oil mill effluent by 

MFCs [33]. During the treatment of a rice mill effluent, results display that MFCs were better 

for electricity generation (2.3 W/m3) and a value of COD removal of 96.5% in comparison to 

proton-exchange membrane MFCs with values of 0.53 W/m3 and 92.6% COD removal [34].  
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Domestic and municipal wastewater contain complex organic components, they need a 

powerful technology to eliminate those compounds. In this context, biological degradation is 

sufficient, and generally an activated sludge procedure is selected. As this technique consumes 

huge quantities of energy, researchers are now ambitious to develop low-cost MFC technology 

for domestic and municipal wastewater treatment [35]. A single chamber air cathode MFC 

attains a maximum power density of 422 mW/m2 with a 25.8% COD removal ability at the 

same time of treating domestic wastewater recovered from the Pennsylvania State University 

Wastewater Treatment Plant (WWTP) [36]. Likewise, the maximum power density performed 

was 103 mW/m2 with an 81.4% COD removal efficiency from a municipal wastewater using a 

single-chambered air cathode MFC [37]. 

3.3. Separation processes 

A common MFC, such as a double chamber MFC, consists of an anodic and cathodic chambers 

separated by a proton-exchange membrane; whereas, in a single chamber MFC, there is no need 

for the cathodic chamber since the cathode is exposed directly to air.  Separation process plays 

an important role in MFC. It divides the anodic and cathodic chamber in a double chamber 

MFC, or the anodic chamber and the cathode in a single chamber MFC. The electrons 

produced by bacterial metabolic activity are passed through an external circuit while the proton 

moves via a separator, separating the anode chamber from the one in which the cathode is 

immersed [38]. 

Several types of separators have been studied. The types of separator materials may be 

classified into three categories on the basis of ion exchange membrane, size-selective 

separators, and salt bridges.  

The performances of membranes in MFCS, such as, cation exchange membrane, anion 

exchange membrane, and Bipolar Membrane (BPM) were compared. The MFC with anion 

exchange membrane demonstrates improved achievement over others in terms of voltage 

stability and power generation. The size-selective separators consist of salt 

bridge, microfiltration membrane (MFM), Ultrafiltration membrane (UFM), porous 

fabrics, glass fibers, and other coarse pore filter materials, J-Cloth, UCM (ultracentrifugation 

membranes) etc. In the case of single-chambered MFC, to reduce the resistance of 

MFC separator cathode assembly (SCA) is used. An SCA consists of a cathode and a membrane 
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physically or chemically bonded together, also known as membrane cathode 

assembly (MCA)[39]. Rahimnejad et al. reported application of MCA in a single-

chambered air-cathode MFC where membrane is hot pressed directly onto a carbon 

cloth cathode [40]. The use of separators in MFC may decrease operational costs; furthermore, 

this type of design has the capacity to simplify reactor configuration by choosing passive 

airflow.  

The need for low-cost membranes inspired investigators to develop clay-based 

ceramic separators for MFCs. These Proton Exchange Membranes or separators have 

shown encouraging results regarding power output, coulombic efficiency (CE), and wastewater 

treatment when compared with Nafion, and a low cost of the fabrication of MFCs [41]. Proton 

exchange membranes influence an MFC’s internal resistance and concentration polarization 

loss and in turn affect power output of the MFC. Nafion (DuPont, Wilmington, Delaware) is the 

most used PEM in MFCs since its high selective permeability of protons. Nevertheless, the 

secondary effects of other cation transports are inevitable during the operations of MFCs, even 

with Nafion. The PEM surface area has a huge impact on power generation. Internal resistance 

of the MFC decreases with an increase of the PEM surface area over an approximately large 

range [42]. 

The utilization of membranes based on ionic liquids (ILs) has attracted researchers in the MFC 

field. Their great profit as ecological solvents with a high conductivity and a low amount of 

vapor pressure make them appropriate for a large range of use such as purification or separation 

processes, reaction media in biochemistry or chemical catalysis [43-44]. 

Regarding their use in membranes, they have captured huge importance owing to their 

characteristics, principally their high ionic conductivity, high stability. Their inclusion as liquid 

phase in exchange membranes has granted MFCs performance to be increased [39-45]. 

Methyltrioctylammonium chloride has been selected to develop polymer inclusion membranes 

that will be utilized as separator in MFCs. A new assembly procedure is developed 

to obtain a higher compact and effective separator. In a prior study, this ionic liquid has been 

pointed out to reach modest results of power density when used in polymer exchange 

membranes as compared with other ionic liquids [45]. 
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3.4. Components and Materials  

3.4.1. Anode 

The anode material has a preponderant influence on the formation of the electroactive biofilm 

and the electronic transfer on its surface. By reason of the low electrochemical kinetics and the 

high price compared to the performances obtained, a lot of researches concern the optimization 

of this key element of the MFCs. It must have a high electricalconductivity, a low resistance 

and a large specific surface to allow the adhesion and biofilm formation. 

Carbon anodes are extremely used in the field of MFCs (90 to 95% of articles). They are present 

in various forms: carbon bar, carbon paper, graphite plate, granular-activated carbon, carbon 

fabric, carbon felt, graphite granule, crosslinked vitreous carbon, carbon brush [46]. 

Carbon cloth is very flexible and porous than the previously mentioned materials; so, more 

bacteria can adhere to cloth. Chemical modifications of the anodes can further improve MFC 

performance [27]. 

Baudler compared the performance of diverse noble metals (gold, silver, 

platinum) likewise as different metals (stainless steel, titanium, nickel, cobalt, copper) as anode 

materials rather than graphite. His tests showed current densities of 1175 μA/cm2 and 1119 

μA/cm2 for gold and silver, respectively, against only 984 μA/cm2 with 

a graphite electrode placed under the same operating conditions, however prices that do not 

meet the required criteria for a MFC anode[47]. 

Different materials or deposits have been evaluated as anodes, with the aim of increasing the 

electron transfer between the microorganisms and the electrode. However, despite the quest to 

replace platinum as a catalyst in all fuel cells, a team tested this material as an anode catalyst to 

increase the electron transfer rate between the bacteria and the carbon paper forming the 

anode.This deposit has significantly increased the current produced. 

However, the choice of platinum as catalyst remains questionable as well as the electrochemical 

reaction generating the bulk of the electrons, these may come partly from the oxidation of water 

rather than the microbial degradation of the substrate. If the electrons are no longer generated 

by the microorganisms, it can no longer be in the presence of a microbial fuel cell [48]. 
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Fig 4: Photos of anode materials used in MFC: (A) graphite paper, (B) graphite plate, (C) carbon 

fabric, (D) carbon mesh, (e) granular graphite, (F) activated carbon granular, (G) carbon felt, (H) 

crosslinked vitreous carbon, (I) carbon fiber brush 

3.4.2. Cathode 

The cathode plays an important role in the operation of the MFCs. It must have a high redox 

potential and an ability to capture ions. Despite the many studies conducted for the development 

of alternative materials to platinum (as a catalyst), the performance of MFCs is often limited by 

this electrode. The cathodes are differentiated by the nature of the catalyst, chemical or 

biological, and by the final acceptor of electrons, oxygen or others [49]. 

Carbon materials, with or without catalyst, which are most commonly used as cathode are: 

graphite plates, carbon paper, glassy carbon, carbon felt, graphite granules, carbon cloth and 

graphite fiber brush [49,50,51]. Air–cathodes are the most ordinarily used configurations in 

lab-scale MFCs that need catalysts to generate higher power densities.A carbon fabric support 

appears to be particularly suitable for the case of air cathodes[52].Many studies have been 

conducted  to use air–cathodes without catalysts [120].   
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Several catalysts, chemical and biological, have been tested. Platinum is often used because it 

has excellent catalytic capacity, but its cost and availability remain serious drawbacks if wide 

use was considered. Moreover, the catalytic activity of platinum is easily decreased due to its 

contamination by the multiple compounds present in the wastewater. Indeed, the cathodic 

reaction requires the presence of protons, but it turns out that they are not the only cations 

present in solution (among others K+, Ca2+, Na+), these may cause adverse reactions decreasing 

the potential the cathode and thereby the power of the microbial cell[50,51,53,54]. These factors 

limit its use and make it unsuitable for its application for the treatment of wastewater. To limit 

this problem, studies to reduce the amount of platinum deposited on the cathode were 

conducted, with results that remain quite satisfactory; V.M.Ortiz-Martínez et al.studied the 

utilizationof mixed manganese oxides with copper and nickel synthesized by co-precipitation 

in MFC devices fed with industrial wastewater.Among the analyzed materials, the 

NiMn2O4 offered interesting results of power performance, achieving 80% (439 mW/m3) out 

of the power density obtained with Pt (549 mW/m3)[55]. 

3.4.3. Proton exchange membrane 

The majority of MFCs is composed of two separate parts. In a two-chamber MFC, the anode 

and the cathode compartments are separated by a proton exchange membrane. It must be 

characterized by high ion permeability from the anode to the cathode, and low oxygen diffusion 

without having a remarkable effect on the internal resistance of the battery; moreover it must 

ensure the electro-neutrality of the medium by allowing the easy passage of the protons [30]. 

Overall, Nafion® and Ultrex® are the most used exchange membranes in microbial fuel cells. 

Recently, ionic liquid based membranes have been tested as proton exchange membrane in 

MFCs, they have shown a high current density and chemical oxygen demanded removal (i.e. 

103.9 mW/m3 and 89.1%, respectively for the ammonium based supported IL membrane), 

which is similar to conventional PEMs [56]. 

 

3.5. Reactor Design 

The reactors that constitute the microbial fuel cells have different configurations, both in the 

form of the reactor itself, the number of chambers it contains (one or two), the use or not of the 
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proton exchange membrane, cations or other materials with the same function and finally the 

electrode materials used and the distance separating them. It is possible to combine several 

batteries to form a stack with some modifications of the systems, this option allows to increase 

the voltage of the systems and thus the power generated. However, different problems can occur 

depending on how the batteries are connected. 

3.5.1. Double chamber MFC 

A common double chamber MFC is composed of an anode chamber and a cathode chamber 

isolated by a membrane, which permits the proton stream from the anode chamber to the 

cathode chamber while performing as a physical barrier to the oxygen dispersion or different 

oxidants from the cathode to the anode chamber. The compartments of the double chamber 

MFC can be of different shapes and worked in batch or continuous mode. One of the most 

employed double chamber MFC is H-type MFC. The high internal resistance is a big drawback 

in this type of reactor which implies a low power generation. This kind of MFC is appropriate 

for fundamental parameter research such as assessing power generation utilizing new electrode 

or separator materials, or microbial communitiesinvestigation, etc. [27]. 

Double chamber MFCs, fabricated in up-stream mode and manufactured as up-stream 

cylindrical MFC with concentric outside anode chamber and inner U-molded cathode chamber 

with effluent recirculation, have been reported to be proficient for wastewater treatment as this 

sort of design can be simply scaled up. The energy prices of pumping fluid around are more 

noteworthy than their power yields, which limit the use of such apparatus as net power 

generating devices. 
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Fig 5: Double chamber MFC 

3.5.2. Single-Chamber MFC 

Single chamber MFCs can be built by maintaining cathode in direct contact with air. The single 

chamber air-cathode MFC has various advantages compared to the double chamber MFC: (1) 

the single chamber MFC don't require cathode chamber; it thus lessens the size and is easy to 

use, (2) no aerationis required as ambient air can be used (3) reduced internal resistance in 

single chamber MFC as a consequence higher current amount can be obtained [57]. An up-flow 

reactor has been experimented as single chamber air-cathode MFC that function in a continuous 

mode, by a research team in the polytechnic university of Cartagena- Spain [58]. 
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Fig 6: single chamber MFC 

3.6. Operational Factors Influencing MFC Performance 

3.6.1. Nature of substrate 

In MFCs, the substrate is the carbon source and is considered an important factor for electricity 

production. The substrate can be a pure compound or a more or less complex mixture. 

In the case of a pure culture, a pure / simple substrate is chosen, if possible, in order to benefit 

from an easy degradation by the corresponding bacterium.However, mixtures of organic 

materials from different sources may be degraded if viable mixed bacterial cultures are used in 

these media. Acetate is the easiest substrate to degrade by bacteria and is therefore frequently 

used in MFCs [52, 59, 60], followed by glucose[61], cysteine, and also higher molecular weight 

compounds such as volatile acids, carbohydrates, proteins, alcohols and cellulose[62, 63].One 

of the main interests of MFCs lies in the possibility of using waste as a substrate, eliminating it 

while producing electricity. These sources of waste are very diversified: domesticwastewater, 

waste from the food industry (beer, corn, rice, starch, yoghurt, chocolate, tincture, meat)[32, 

33, 34],water from paper recycling plants[64,65] and leachate from organic and inorganic 

products[66].Some studies have been carried out with "synthetic" wastewater to overcome the 

problems of reproducibility of experimental conditions[67]. 
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3.6.2. Temperature effect 

MFCs are bioelectrochemical systems that have the great advantage of being effective in a 

relatively wide temperature range.Temperature changes affect the kinetics (activation energy, 

mass transfer mechanisms, electrolyte conductivity, ...) and thermodynamics (Gibbs free 

energy, electrode potential, ...) reactions that have place within MFCs.The type of bacteria that 

will participate in the electrogenesis will not be the same depending on the temperature of the 

electrolyte, (psychrotrophic bacteria for temperatures ranging from 25 to 30° C, mesophilic 

from 30 to 45° C,...). This physical parameter plays a crucial role in the performance of MFCs. 

At present, the majority of available PEM for MFCs is Nafion from Dupont however this can't 

work effectively at temperatures higher than 90° C because of thermal instability.A research 

group at the Fuel Cell Institute have developed a high temperature composite called Nafion-

silicon oxide (SiO2) -acid (PWA) a composite membranewith low resistance, high proton 

conductivity, high current density and improvedthermal stability at 90° C than Nafion from 

Dupont[30]. 

By increasing temperature in MFC the internal resistance decrease, which can be explained by 

the fact that ionic conductivityincreases with temperature [68]. 

3.6.3. pH effect 

The pH causes several alterations in concentration of ions. Thus, the performances of MFC 

dependon it and on proton-motive force, membrane potential and biofilm formation. A pH close 

to neutral (between 6 and 9) gives the required optimal growth of bacteria. 

A major problem with double chambred MFCs is the appearance of a remarkable difference in 

pH between the two compartments. Gil et al. thus has reported that in a MFC initially supplied 

with an electrolyte of neutral pH, a significant acidification of the anode compartment, whose 

pH decreases to a value of 5.4 and conversely an alkalinization of the cathode compartment 

with pH values equal to 9.5. These results, accompanied by a drop in the electrical performance 

of the MFCs, seem to result from an insufficient ionic conductivity of the electrolyte and low 

permeability of the proton exchange membrane, which induces an accumulation of H+ ions at 

the anode and disrupts the metabolism of exoelectrogenic bacteria and limits the reduction of 
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oxygen at the cathode precisely because of a lack of H+ protons[69]. The use of MFCs with one 

compartment limits this effect. 

pH gradients also appear on the surface of the electrodes and are caused by limitations in ion 

transport within the MFCs [70]. Local acidification of the anode by accumulation of H+ ions 

can therefore occur and be harmful to bacteria. This phenomenon can be partially inhibited by 

adding a phosphate buffer in the electrolyte in very high concentration that will facilitate the 

transport of protons out of the biofilm. 

3.6.4. Conductivity effect 

Conductivity is a parameter for measuring ionic mobility in an electrolyte: it is therefore an 

essential factor in the performance of an electrochemical system. In addition, the resistivity of 

the membrane is influenced by the conductivity of the solution in which it is immersed: the 

higher the conductivity of the medium, the lower the membrane resistivity [71]. The field of 

microbial cells does not currently have a common reference to report on the performance of 

systems under equivalent conditions. 

Many studies have shown a significant increase in power with the increase in electrolyte 

conductivity. e.g. Cheng et al. reported in their work an increase from 16 W/m3 to 60 W/m3 

when conductivity increases from 1.7 mS/cm, to 20 mS/cm thanks to the addition of NaCl in 

the electrolyte [72]. 

3.6.5. Ionic strength 

The effect of ionic strength on microbial fuelcell performance have been investigated by Mohan 

et al. he has concluded that power density reached its maximum value at an optimum ionic 

strength [73]. A few bacterial strains have the ability to generate electricity at a high ionic 

strength.e.g.Shewanella marisflavihave been experimented and the results show that it could 

reduce Fe(III) and produce power at a high ionicstrength of up to 1,488 mM (8% NaCl) using 

lactate as theelectron donor.Huang et al., found that power production could be improved by an 

increase in ionic strength due to a decrease in internal resistance [74]. Dlugolecki et al. [75] 

have demonstrated that when the ionic strength was increased by a factor of 20, the membrane 

resistance of a proton exchange membrane was reduced by about 93%.As shown in the figure 
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7,when the anode fluid ionic strength increase, power output increase as well.The total 

resistance decreased from22.5  at 0.037 Mto 13.0at 0.37 M[76]. 

 

Fig 7: ECM analysis results for EIS data while varying anode fluid strength. [76] 

3.6.6. Hydraulic retention time and flow rate 

Time is a crucial process leading to the choice of a biofilm of electrochemically 

active bacterium to maximize MFC performance the anodic biofilm development.[77].Anodic 

volume is typically considered as a set design part, regulating dilution rate or hydraulic retention 

time (HRT) is completed through changing the flow rate. However, the recent employed 

designs of MFCs in several studies can be besides an operating parameter [78, 79]. 

Since the integration of MFCs in wastewater treatment plants requires a continuous flow supply, 

some studies have already attempted to correlate the performance obtained with parameters 

such as the flow rate circulation, Hydraulic Retention Time (HRT) or even shear stress at the 

anode. 

It appears that, even if few studies seem to agree on the precise relationship between the 

electrical performance of a MFCs and its power supply regime, the use of a continuous flow 

facilitates the maintenance of stable operating conditions (organic load, pH,...) inside the reactor 

and reduces the internal resistance of the MFCs by mitigating, among other things, mass 

transport effects. 
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Most research also agrees that hydraulic retention time, i.e. the time during which the electrolyte 

remains inside the cell, is optimal. A short HRT, i.e. a rapid electrolyte change, tends to increase 

current generation at the expense of a lower COD abatement rate and vice versa [80, 81]. 

The effect of the organic load concentration of the effluent has also been established since it 

presents an optimum beyond which a too high concentration leads to a decrease in electrical 

performance [82]. 

A long retention time (>10 days) accumulatesmore biomass. For example, for MFCs in fed-

batch mode operating for more than ten days, the algal biomass produced is greater than 300 

mg.L-1. While a system operating continuously1 and with a retention time of 3 days produces 

only 128 mg.L-1 of biomass[83].  

 

Fig 8: Experimental setup (left) and schematic (right) of the IPB integrated photobioelectrochemical 

system [83].  

 

  

 
1An integrated photobioelectrochemical (IPB) system was developed by installing a microbial fuel cell 

(MFC) inside an algal bioreactor 
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3.6.7. Ionic liquid selection  

Ionic liquids (IL) are generally colorless liquids although those based on PF6- or BF4- may have 

a slight yellow coloration. IL purity is an important parameter for most applications because 

the presence of impurities can seriously affect its physico-chemical properties [84]. Ionic 

liquids can be very simply defined as salts melted at low temperature, i.e. salts that are liquid 

at or near room temperature. It is generally accepted that an ionic liquid has a melting 

temperature below 100°C. However, many of them are liquid below 25°C. These ionic liquids 

have unique physico-chemical properties such as very low vapor pressure (and therefore low 

flammability), very good thermal stability (up to 400°C for in some cases), a liquid state over 

a wide temperature range, good ionic conductivity (similar to that of organic electrolytes), a 

very wide electrochemical window, and the ability to dissolve a wide range of chemical 

compounds ranging from metal cations (transition metals, rare earths, etc.), various organic 

compounds (volatile organic compounds (VOCs), various synthesizers) to macromolecules 

(enzymes, cellulose, lignin...)[85].The use of ionic liquids has significantly increased the 

operational stability of certain enzymes (lipases, catalases, peroxidases, laccases, etc.), in 

particular those used to catalyse biotransformation reactions on an industrial scale[86]. 

Ionic liquids have also attracted great interest in biotechnological applications such as 

biocatalysis, biomass processing, biodegradability and drug delivery [87]. By choosing an 

appropriate ionic liquid, the oxidized reactive mediator is distributed preferably in the ionic 

liquid phase, away from the enzyme in the aqueous phase. This minimizes the contact between 

the enzyme and deactivating species and extends the lifetime of the laccase active. In a recent 

publication, this strategy was applied to operate a single-compartment microbial fuel cell using 

a biofilmbacterial at the anode and laccase immobilized in a hydrophobic ionic liquid 

[OMIM][NTf2] at the cathode [88]. 

An alternative way to use ionic liquids in this area of MFCs is to use them to form membranes. 

Recently, new membranes prepared with ionic liquids have been considered as promising 

competitors to conventional polymers such as Nafion® in MFCs, such as [PI4;I4;I4;1
+][TOS-]-

based membrane which outperform other ionic liquids based membrane[39, 45,89]. 

Nevertheless, the toxicity of ionic liquids on different microorganisms or bacteria has been 

demonstrated. [90,91],e.g, Wood et al. worked on the toxicity of ionic liquids to E. coli has 
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shown that ionic liquids have inhibitory effects on the growth of bacteria dependent on the 

length of the cation's alkyl chain, and, in a lesser extent, on the nature of the anions 

used.[92].Another study on E. coli and Staphilococcus aureus shows that the toxicity of ionic 

fluid can also increase with loading, as a bicationic system is more toxic[90]. However, from 

the available literature, it can be observed that the publications describe sometimes 

contradictory observations and results.For example,[BMIM][PF6] at a concentration of 1% is 

reported to have a toxic effect on the growth of E. coli[93, 94].These apparent contradictions 

demonstrate the interest of studying the effect of ionic liquids on a bacterial community. 

Toxicity tests are generally conducted on well-defined strains in solution (planktonic growth 

mode). However, there is an additional interest in studying the toxic or antimicrobial effect of 

an ionic liquid on a biofilm.It is the most widespread mode of bacterial growth, where bacterial 

communities organize and protect themselves through an extracellular matrix.Biofilm provides 

and maintains a kind of micro-environment favourable to bacterial colonization, which explains 

the particular resistance of these biofilms to many biocides or antibiotics. In addition, 

integrating these biofilms into a PCM can allow the toxic effect of ionic liquids on the bacteria 

constituting the biofilm to be recorded by a simple current measurement. 

3.7. Electron Transfer Mechanisms 

Protons are transported through the exchange membrane by passive diffusi0n. When 

themembrane is completely hydrated, protons can be transported viathe Grotthuss mechanism2. 

In this mechanism protons can `hop' from onewater molecule to another, forcing the excess 

hydrogen atom at the secondwater molecule to `hop' to another molecule, thereby restarting the 

chain ofevents [95].When a proton binds to a water molecule at one side of themembrane, this 

will eventually, via several proton `hops', lead to the releaseof a proton on the other side of the 

membrane. The principle of the Grotthussmechanism is visualized in fig 9. 

 

 
2 The Grotthuss mechanism ( which is a general name for the proton-hopping mechanism) is the process by 

which an 'excess' proton or proton defect diffuses through the hydrogen bond network of water molecules or 

other hydrogen-bonded liquids through the formation of covalent bonds involving neighboring molecules. 



 

46 
 

Fig 9: The Grotthuss mechanism with the consecutive proton transfer indicated withthe numbered 

arrows 

 

Microorganisms oxidize different substrates by producing electrons at inside their cells. These 

electrons are then used in a cascade of reactions via the breathing chain until the last exchange 

with the final electron acceptor extracellular. It is commonly accepted that this electron acceptor 

is a molecule soluble as oxygen can be, but also organic acids, ions minerals such as nitrates, 

sulphates or metal oxides. 

 

Fig 10: Electron transfer to the anode via oxidation of fermentation products [96]. 

To avoid the recovery of these metabolites by other processes and in particular aerobic 

biological processes, reactions are generally carried out in an anaerobic environment. The 

oxidation reaction on the anode surface is abiotic and therefore requires the presence of an 

inorganic catalyst such as platinum. The problems of poisoning and deactivation of these 

catalysts by adsorption of all kinds of compounds considerably reduce the current densities 

obtained [96]. 

Significant progress was made when platinum-based electrodes were coated with conductive 

polymers such as polyaniline. Current densities of about 1.5 mA/cm2 have been obtained. 

Results have been further improved up to 3 mA/cm2 using electrodes coated with tungsten 

carbide which is also a less expensive electrocatalyst [97]. 
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Fig 11: electron-transfer mechanisms in MFCs. Electron transfer via a) cell-membrane-bound 

cytochromes, b) electrically conductive nanowires, c) microbial redox mediators, and d) oxidation of 

reduced secondary metabolites. [97]. 
 

3.8. Investigation of Ionic Liquid based membrane in ion transport  

The proton exchange membrane (PEM) is a key element in the MFC as it carriers proton from 

the anode to the cathode. Thus, membranes for microbial fuel 

cells applications needto be extremely proton conductive. Hernández-Fernández et al. 

illustrated the use of a PEM containing 1-octyl-3-methylimidazolium hexafluorophosphate 

([OMIM][PF6]) and methyl trioctil ammonium chloride ([MTOA][Cl]) as a Proton Exchange 

Membrane in a microbial fuel cell. The membrane containing 70 wt.% of ammonium-based 

Ionic Liquidreacheda maximum power up to 450 mW m−3 and the percentage of the COD 

removal was more than 80% [89]. 

Recently, new membranes prepared with ionic liquids have been considered as promising 

competitors to conventional polymers such as Nafion® in MFCs. Researchers have shown that 

the MFC that works with membranes made with [BMIM][NTf2] has a higher energy efficiency 

than MFC with Nafion®[98].Koók et al. attributed this effectiveness to the involvement of LIs 

in proton transport betweenanode and cathode compartments of the bioelectrochemical system. 
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Thus, the amount of ionic liquid immobilized in the membrane is able to influence the power 

of the MFCs [98]. 

The inhibition properties of liquids on the formation of biofilm on surfaces or their toxicity can 

be very advantageously used to solve one of the operational limits of PCMs.Indeed, biofilms 

can be developed on the ion exchange membranes used in PCMs. This development leads to 

clogging of the membrane pores, which reduces the transport of ions between the two anodic 

and cathodic compartments, and consequently increases the internal resistance of the battery. 

This leads to a decrease in the performance of these MFCs.Further understanding of ion 

transport selectivity and membrane preparation ways are crucial to enable larger use of ion 

liquid-based membranes in technical processes for sustainable development. 

Baicha et al. 2019 have analyzed nutrients transport through polymer inclusion membranes 

based ondifferent concentrations of ionic liquid (methyltrioctylammonium chloride) using 

sodiumhydrogen phosphate (Na2HPO4) and Calcium chloride (CaCl2), results shows a high 

permeation values of Na2HPO4 compared to CaCl2 and increase proportionally with the amount 

ofionic liquid in the membrane[99]. 

3.9. Practical Applications and Scale-up 

The first prototype of a large-scale MFC was developed in Australia (Queensland) in 2005 in a 

brewery owned by Foster (Figure 12). The prototype consists of 12 modules, each 3 metres 

high and 1 m3 in volume. The anodes are made of carbon fibre brushes and the cathodes are 

made of graphite brushes. There is little information on the performance of this biopile. It was 

reported that the performances were limited by the low conductivity of the brewer's effluent to 

be treated [36]. 
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Fig 12: Applications for MFCs. (A) Pilot-scale microbial fuel cell constructed by the advanced water 

management centre at the University of Queensland and Foster’s brewery in Yatala, both in Australia 

 

Although the employment of Microbial Fuel Cells for wastewater treatment is in its inception, 

MFCs as source of energy for environmental sensors are approaching practical use. In 

distinction to conventional batteries, MFCs powered by organic matters in sediments present 

advantages as power sources because they could generate energy with no need for recharging. 

These kinds of MFCs, known as benthic unattended generators (BUGs), are utilized in 

inaccessible areas essentially in river and ocean sedimentsFig. 13. Technically the operation is 

very simple; The organisms of Geobacteraceae family can oxidize acetate and other organic 

matters, and transfer the electrons to a graphite platewhich is used into the anoxic sediment 

(anode) that is electrically connected to another graphite plate which is overlaid in aerobic water 

(cathode) where they react with oxygen[101]. 

A new stacked microbial fuel cell (MFC) with a total volume of 72 Land made of 5 membrane 

based MFC units reaching a power density of 50.9 W/m3was build up and tested by Wu et al. 

Nevertheless, this system suffer from electrical current losses in theparallelcircuit[101]. 

 



 

50 
 

 
Fig 13: A sediment microbial fuel cell. a| A scheme of a sediment microbial fuel cell. b |A sediment 

fuel cell before deployment [64] 
 

Other studies show the possibility of implementation of a large-scale reactors that include up 

to 1000 L made of 50 modules achieving up to 90% COD removal and up to 60W/m3 when 

operated for 1 year on municipal wastewater [103].  

3.10. Opportunities and Challenges for MFCs in Wastewater Treatment 

One of the very basic and fundamental applications of MFCs is totreat wastewater 

simultaneously with electricity generation. The task remains difficult as the composition of the 

wastewater is complex, and the high level of its organic load. The use of MFCs represents an 

interesting long-term economic alternative to current wastewater treatment processes since they 

allow remediation while producing electricity. Different kinds of wastewater, including 

domestic and industrial, are suitable fortreatment by MFC.However, the microbial population 

present in the wastewater might not always find an ideal substrate to interact with. Another 

profit that MFCs offer compared to otherprimary treatment processes is the recovery of some 

valuableproducts such as hydrogen and/or electricity. The related prices with aeration or 

biomass treatment within the case ofactivated sludge (AS) or trickling filters (TF) are minimal 

for MFC technology. Economicand system sustainability are necessary issues regarding to 

operating an MFC-based wastewater treatment system efficiently [65]. As reported by Rabaey, 

it is possible touse specific microbes as substrates to reach an advantageous result, in the aim 
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of removing sulfides from wastewater [104]. The COD removal value can exceed 90% in some 

efficient MFC reactors with columbic efficiency of about 80% [65; 66]. 

Some studies still hopeful concerning the possibility of anMFC that powers devices or even 

communities, for example in distant places. Particularly in wastewater treatment, these concepts 

sound reasonable: it has been presumed that anMFC of 350 m3 with an output power density of 

1 kW m-3 would cost practically 2.6 million Euros; the return on investment period for the cost 

would be around ten years if the reactor was used to convert organic waste to electricity at an 

effectiveness of 30% in a plant of food processing[105]. 

In the near future, an MFC will probably be used mainly for wastewater treatment 

andfurthermore as an energy supplier. Other innovative ideas can also be attainable when the 

research onMFC is developed, such as valuablechemicals production [106]. 

4. Microlagae 

4.1. What is microalgae? 

Microalgae, some of the oldest living organisms, are microscopic photosynthetic organisms that 

can be found in marine and freshwater environments. They are a diverse group of prokaryotic 

and eukaryotic photosynthetic microorganisms with a unicellular or simple multicellular 

structure that allows them to grow rapidly and live in extreme conditions [16]. Due to this 

simple structure, they harness solar energy quickly and efficiently through photosynthesis. They 

use sunlight to produce oils or sugars in a more efficient way than crop plants. Moreover, 

autotrophic production is more efficient than heterotrophic production, and therefore 

microalgae are commonly used as a substrate for biofuel production. They usually grow in 

aquatic environments, which provide them with many nutrients in dissolved form, such as CO2 

[17].  
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Fig 14: A wide variety of microalgae species present in our planet for 4 billion years., Source : Wikipédia, 

Creative Commons : A) CC-BY-SA-3.0, ja ; B) CC-BY-SA-3.0, Deuterostome ; D) CC-BY-SA-3.0, Kristian 

Peters ; F) CC-BY-2.5 Image courtesy of Alessandra de Martino and Chris Bowler, Stazione Zoologica 

Microalgae can be grouped into different categories based on the pigmentation of their 

biological structure: i) green algae (Chlorophyta), red algae (Rhodophyta) and diatoms 

(Bacillariophyta) [19]. They can also be classified into two groups: i) autotrophic, which only 

requires inorganic compounds to grow, such as CO2, salts (nitrate ion, phosphate) and light. 

This subcategory can be divided into photoautotrophs, which use solar light as a source of 

energy and chemoautotrophs, which require an external source of organic compounds as a 

source of energy. ii) Heterotrophs can also be grouped into photoheterotrophs, which use solar 

light as source of energy and chemoheterotroph, which oxidizes organic compounds to get 

energy. However, there are some types ofmicroalgae that can use different sources of energy 

and carbon, which are called iii) mixotrophic [18,19,22].  

 



 

53 
 

 

Fig 15: Morphological diversity of microalgae 

 

More than 100,000 different species of microalgae exist around the world, but no more than 

30,000 have been investigated and classified, according to their color, size, pigments, cell wall 

constituencies or metabolism, as suitable for human needs. Microalgae also include the 

unicellular organisms (phytoplankton) existing in naturalwater, which are an essential source 

of carbon for aquatic fauna [15,23,24]. 

4.2. Microalgae for bioenergy 

The production of energy from microalgae is the driving force behind the enthusiasm and 

increasing research activities around the potential offered by these organisms since the 

beginning of the 21st century.Like the biomass deposits mobilized in bioenergy chains, and 

because of a metabolic phenotypic identical to higher plants, the work on the energy recovery 

of microalgae concerns essentially the same chains. Other avenues are also being explored, such 

as the direct production of hydrogen and the use of these organisms in microbial cells [107,108]. 

Liquefaction, pyrolysis or hydrogenation of these organisms produce a gaseous biofuel or raw 

"oil" by thermochemical conversion.Methane and ethanol can be produced by biochemical 

conversion from, respectively, biomass or fermentation of accumulated sugars in the cell,This 

conversion process also allows hydrogen to be produced by fermentation of the cell[107]. 
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Finally, intracellular lipids can be extracted by chemical separation to integrate a biodiesel 

process after transesterification [108]. The lipid, fuel ethanol and methanisation sectors are the 

most interesting and, the most promising avenues for industrial development.  Indeed, like other 

biomass sources, these forms of energy can complement or replace most fossil fuels (diesel, 

petrol and natural gas) and benefit from the same valorization processes, distribution networks 

and storage. 

 

Figure 16: Microalgae Value Chain [109] 

The actual focus in research is on microalgae as a feedstock for bioenergy production as a 

promising raw material to compensate and balance the increasing demands for biofuels, food, 

feed and valuable chemicals production [109]. 

4.3. Microlagae for wastewater treatemet 

Since the early 1970s, the intention to use algae in the tertiary treatment of municipal water was 

already present. Treatment process had been considered to reduce the eutrophication potential 

of these waters [110]. It was found that these algae had an even greater treatment potential than 

expected and could remove many nutrients from the water, with a higher efficiency than 
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activated sludge. It therefore seemed economically more interesting to use these 

microorganisms in secondary rather than tertiary treatment [111]. Aerated ponds have been 

used for these applications. The unexpected results, in terms of their phytoremediation 

efficiency and rapid growth rate, have prompted several authors to test the growth of different 

algal species in specific waste waters, in order to verify their potential for the production of 

biofuels at more competitive prices. 

Several authors report on the efficacy of green microalgae for the treatment of nutrient-laden 

wastewater. Wang et al [110] have verified in the laboratory the nutrient removal capacity of 

Chlorella sp. in wastewater municipal. The results obtained have led to the conclusion that these 

microalgae can easily grow using wastewater as a substrate in a volume of 100 mL. They are 

are also able to remove significant amounts of metals, phosphorus and nitrates and reduce 

chemical oxygen demand (COD). The best results of growth and removal were obtained with 

the medium with the highest nutrient content (N and P mainly) [110]. Other laboratory scale 

studies have provided similar conclusions with microalgae species and wastewater 

compositions different [112, 113, 114]. 

More studies have been carried out on the use of microalgae for phytoremediation of municipal 

wastewater than for industrial wastewater. The fact that industrial waters contain more 

compounds that may be toxic to algae than municipal waters may explain the difficulty of 

applying this treatment. In addition, the composition of industrial wastewater can vary from 

one production to another, making it difficult to use a standardized process. The few studies 

carried out on the phytoremediation of waters largely contaminated with dangerous compounds 

have most often been carried out with bacteria or plants rather than with microalgae. However, 

the growing interest of microalgae in the 2nd and 3rd generation biofuels sector has contributed 

to an increase in the number of experiments with these microorganisms. 

4.4. Microlagae in MFCs  

Research on renewable processes for producing energy has received a lot of attention 

in previous few years. Standing in such a scenario, the utilization of microalgae to 

convert greenhouse gases into potential biomass as well as their ability to produce oxygen, 

assumes strategic importance [115]. Important research is being carried out to use this ability 

of microalgae and integrate it with microbial fuel cells. 
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Microalgae can be used as substrate at the anode to removenutrients or capture the CO2 

generated in the cathode, among otherpossibilities [106–109]. 

To capture energy as bioelectricity using photosynthesis in an MFC system, the photosynthetic 

organisms release electrons and protons and use charge separation, throughout flow chain 

reactions. During this treatment, synergistic effects between heterotrophic microorganisms and 

microalgae are happening, in which oxygen is produced by microalgae using solar energy and 

metabolizing nutrients and bicarbonates produced by heterotrophicmicroorganisms 

metabolizing organic matter and oxygen. Through this chain, the standard aeration systems 

might be replaced by the additional environmental and economic sustainable photosynthetic 

one. Thus, it's assumed that electricity may be produced in MFC by microalgae growing in 

cathode, where oxygen is produced by the photosynthesis process [117].This assumption has 

been applied in MFC by using a substrate which is oxidized at the anode and utilizing an micro 

algal biocathode which acts as a biological electron acceptor and at the same time reducing CO2 

to biomass [116]. 

Mainly, a mediator is employed for electron shuttling in cathode chamber. The electrons 

streaming from the anode are transported to the catholyte and reduce the oxidized state 

mediator, which then penetrates the microalgae cell store. The shuttled electrons are captured 

by growing microalgae cells, in their metabolic pathways to convert CO2 into oxygen and 

biomass (Parlevliet and Moheimani, 2014). The oxidized mediator is released by the cells to 

the media and therefore the cycle is repeated where the mediator is again reduced by the 

electrons in the catholyte (Powell et al., 2009). during illumination, the biochemical reactions 

that take place at the anode and cathode are demonstrated by Eqs (X.1) and (X.2), respectively 

(Zhou et al., 2012a, b). 

 

𝑪𝟔𝑯𝟏𝟐𝑶𝟔 + 𝟔𝑯𝟐𝑶
𝑶𝒙𝒊𝒅𝒂𝒕𝒊𝒐𝒏
→       𝟔𝑪𝑶𝟐 + 𝟐𝟒𝑯

+ + 𝟐𝟒𝒆− 

 

𝟔𝑪𝑶𝟐 +  𝟏𝟐 𝑯
+ +  𝟏𝟐 𝒆−

      𝑳𝒊𝒈𝒉𝒕        
→        −𝑪𝟔𝑯𝟏𝟐𝑶𝟔 − (𝒃𝒊𝒐𝒎𝒂𝒔𝒔) +  𝟑𝑶𝟐 
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However, a distinction between photo-microbial fuel cells and microalgae-microbial fuel cells 

has to be made. Microalgae-MFC canwork in dark and in light conditions, although photo 

microbial fuelcells can only work with light [107]. 

4.5. Nutrient and organic matterremoval 

Microalgae as an oxygen supplier couldpresent an interesting alternative thatcombines oxygen 

production in the cathodic chamber and contaminants removal (e.g. nitrate) that are present 

commonly in domestic and agricultural wastewaters. Domestic wastewater contains a variety 

of pollutantssuch as nutrients (N and P). It exists various types of technologies of wastewater 

treatment such as lagooning and activated sludge etc. However, insufficient removals have been 

reported for these wastewater pollutants because the secondary effluentfrom Wastewater 

Treatment Plants generally contains high amounts of nitrogen (N) and phosphorus (P), which 

can lead to nutrientenrichment and eutrophication in the receiving mediums 

The microalgae used in the wastewater treatment can efficiently assimilate nitrogen and 

phosphorus for growth, but also eliminate heavy metals and organic matters (e.g. 

pharmaceuticals and personal care products (PPCPs)). Zhou et al. studied the capacity of four 

microalgae: Chlamydomonasreinhardtii, Scenedesmus obliquus, Chlorella pyrenoidosa and 

Chlorella vulgaristoremovedifferent pollutants from wastewater due to their high removal 

effectiveness for contaminants (Nitrogen, phosphorus, organic compounds). Thus, 76.7 to 

92.3% of Nitrogen, and67.5 to 82.2% of Phosphoruswere removed. The four microalgae species 

were also found to be efficient in removing most of the organic matters with>50% removal. 

5. Conclusion 

The basis of this first chapter is to provide a general background to separation processes, 

components and Material, reactor Design Investigating the Double chamber MFC and Single-

Chamber MFC, a more detailed introduction was given at the beginning of each individual 

chapter, concerning the purpose of the research that has been conducted there. 

The third part was dedicated to the operational Factors Affecting MFC Performance, electron 

Transfer Mechanisms; investigation of IL based membrane in transport, Practical Applications 

and Scale-up, and finally resuming theopportunities and Challenges for MFCs in Wastewater 

Treatment. 
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The last part entails the study of Microlagae, including its definition, ability to generate 

bioenergy, and treat wastewater, Microlagae for MFCs, and capacity of organic matter removal 

was also investigated in detail.  
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1. Introduction  

Waste treatment and electricity generation are both key issues for sustainable modern societies. 

Microbial fuel cells (MFCs) are attracting increased attention, driven by the demands for clean 

and renewable energy resources, and especially for their potential to directly recover electricity 

from various wastewaters [1]. All types of wastewater containing organic matter can be treated 

by this process, including domestic wastewater, brewery effluent, and much else. Several plants 

are in operation and have shown good results. Use of MFCs for wastewater requires a design 

which allows the wastewater to flow through the cell over the anode surface. Various 

configurations have been adopted for this purpose, including the tubular MFC where the 

cathode is placed on the outside of the tube and the anode occupies the full internal space. 

Wastewater flows through the anode from one end to the other [2-3]. 

The electricity generation efficiency and wastewater treatment are affected by MFC 

architecture, electrode design, and feeding flow. 

Many types of architectures, such as micro-size MFC [6], vertical MFC using up-flow feeding, 

horizontal MFC using up-flow feeding [7-9] or down-flow feeding [10], baffled stacking MFC 

[11], and tubular MFC [12], have been used to enhance the efficiency of The electricity 

generation efficiency  and wastewater treatment. 

In this study, the potential of microbial fuel cell in treating an industrial oil wastewater collected 

from a primary treatment stage of the ACEITES ESPECIALES DEL MEDITERRANEO S.A 

(AEMEDSA) factory in Cartagena City, Spain. 

In order to evaluate the efficiency of wastewater treatment through the MFC system, the 

effluent from the reactor was examined with regard to, COD (Chemical Oxygen Demand), total 

P (Phosphorus), TSS (Total Suspended Solids), SO4
2- (sulfate), Cl- (Chloride), NO3

- (Nitrate), 

HPO4
2- (Hydrogen phosphate), Fe2+ (Iron) and pH according to the standard methods in the 

textbook of standard methods for water and wastewater examination [6]. Total suspended 

solids, hardness, alkalinity and ion analysis were performed using AFNOR standard methods. 

Flow rate was also investigated during this study in order to evaluate the efficiency of 

wastewater treatment through the MFC systemsince biofilm requires sufficient contact time 

with organic substrates in order to both absorb and degrade the substrates. 
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2. Material and methods 

2.1. Wastewater characteristics 

Effluents from the food and agricultural industries are complex fuels, as already explained in 

the first chapter; due to their organic matter loadings. They contain a wide variety of organic 

components, making them suitable for applications as source in microbial fuel cells. 

Industrial oil wastewater was collected fromthe output of a primary treatment stage of the 

ACEITES ESPECIALES DEL MEDITERRANEO S.A (AEMEDSA) factory in Cartagena 

City, Spain and was kept at 4 °C in a fridge before their use as substrate of organic matter and 

microorganisms in the continuous flowexperiments, being the initial COD (chemical oxygen 

demand) 1280 mg L-1.Some characteristics of this wastewaterare shown inTable 1. 

The Industrial oil wastewater was utilized as fuel for MFC tests without additions of whatever 

other nutrient or trace metals. The injected wastewater before inoculation to the anode MFC 

chamber were deoxygenated with gas of N2 during all the period of the experiments to remain 

in anaerobic condition. The tank with wastewater was placed on a mixing device with 50 rpm 

in view to prevent decantation. 

The sampling operation was done each 24h by a plastic syringe at the outlet of the reactor by 

taking a 10 mL aliquot. The sample was centrifuged at 5000 rpm within 5 min and then filtrated 

(standard membrane filter of 0.45 microns). 
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Table II-1: Characteristic of AEMEDSA factory wastewater in Cartagena 

 

Parameters Value 

pH 8,44 

Electrical Conductivity (mS/cm) 14,58 

Redox Potential (mV) 
112 

COD (mg/l) 1276 

TTS (mg/l) 1534 

SO4
2- (mg/l)  7397 

Fe (II) (ppm) 1285 

Cl- (mg/l) 726 

NO3
- (mg/l) 9.17 

Total Phosphorus (mg/l) 
15,96 

 

2.2. Continuous flow Rectors configuration 

Two single-chamber air-cathode MFCs reactor wereconstructed: a) a vertical one on the basis 

of a cylindrical polyvinylchloride (PVC)-methacrylate plastic tube, with a total volume of 1.7 

L. Fig1 shows the main components of the vertical reactor. b) a horizontal one on the basisof 

polyvinylchloride (PVC) plastic tube with a total volume of 0.88 L. Fig 3 shows the 

composition of the horizontal reactor. 

2.2.1 Vertical reactor: 

A PVC-filter incorporating carbon granules is stored inside the methacrylate housing cylinder 

measuring 25 x 5 Cm, with a plastic cap on the top of the reactor containing three orifices. The 

first orifice is used to supply the MFC with influent by a flexible tube that reaches the bottom 

of the housing fixed to its wall. The second orifice is utilized to pump out the treated wastewater 

(effluent) from the top of the reactor. In this manner, wastewater is supplied at the bottom of 
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the reactor and then streams to the top whereas being treated. Finally, the third orifice located in 

the middle of the cap houses a carbon bar of 23 Cm insert across the body of the reactor, being 

in contact with graphite granules (anode).  

The membrane-cathode assembly covers a window on the methacrylate housing of 18 x 20 cm, 

which is the total area of the membrane exposed to air and to the water that flows through the 

reactor simultaneously. Finally, a copper wire is wrapped around the reactor (in contact with 

the membrane-cathode assembly) and connects the cathode (carbon cloth) to the anode (carbon 

bar/graphite granules) through an external resistance of 1000 Ω.  

 

 

Fig. 1A) Components of the continuous MFC; B) Embedded IL-based membrane-cathode assembly; 

C) Final design of the single-chamber air-cathode microbial fuel cell. 

. 

 

. 
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Fig 2: Scheme of the MFC vertical reactor operated in a continuous flow 

 

2.2.2 Horizontal reactor: 

Carbon granules are incorporated in a PVCperforated tubemeasuring 22 x 3 Cm, which is 

included in a cylinder tube containing 12 small windows with two plastic capsat two endsof the 

reactor containing one hole, The first hole which is situated in the low level of the reactor is 

used to feed the MFC with wastewater. The second hole which is in the highest point of the 

reactor is used to collect the treated wastewater. Thus, wastewater is fed from the bottom and 

flows to the top of so wastewater will be treated.  

Four carbon bars of 8 Cm insert across four orifices in the body of the reactor, being in contact 

with graphite granules (anode).  

The membrane-cathode assembly covers all the reactor (expect the caps) on the methacrylate 

housing of 10 x 18 cm, which is the total area of the membrane exposed to air and to the water 

that flows through the reactor simultaneously. Finally, a copper wire is wrapped around the 

reactor (in contact with the membrane-cathode assembly) and connects the cathode (carbon 

cloth) to the anode (the four carbon bars/graphite granules) through an external resistance of 

1000 Ω. 
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Fig3: Components of the horizontal reactor, embedded membrane-cathode assembly and the final 

design of the single-chamber air-cathode microbial fuel cell 

 

2.3. Procedure, inoculation, and operation 

Two single-chamber air-cathode MFCs operating in continuous mode were set up by using an 

embedded membrane-cathode assembly based on Triisobutyl(methyl) phosphonium tosylate,  

[P+
I4,I4,I4,1][TOS-]. The systems were matured during 15 days until the development of biofilm 

took place around the graphite granules. 

Therefore, the reactorswere nourished at a constant feed flow rate of 0.25 mL min-1 until 

becoming stable (=168 h). At that time, the two systems were emptied, the carbon granules 

replaced by new ones and filled with fresh wastewater. After the reactors matured, the feed flow 

rate was changed and fixed at 0.35 mL min-1 and the same process was carried out. The 

evolution of chemical oxygen demand and voltage response (Metrohm Autolab PGSTAT302N, 

The Netherlands) were monitored for process control. 
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2.4. Membrane cathode preparation and assembly 

The method to prepare polymer inclusion membranes embedded into carbon cloth cathodes 

dwells of pouring a homogenous solution of ionic liquid (70%), polyvinyl chloride (PVC, 30%) 

and an appropriate amount of solvent directly into a borosilicate rectangle (18 x 20 cm) placed 

on a rectangular  piece of carbon cloth (19 x 21 mm)with waterproofing treatment of 5 % and 

a thickness of 0.5 mm (Fuel CellEarth, USA) for the vertical reactor. Regarding the horizontal 

reactor, the same mixture of ionic liquid, PVC and solvent was used into borosilicate rectangle 

(10 x 18 cm)placed on a rectangular  piece of carbon cloth (11 x 19 cm) with waterproofing 

treatment of 5 % and a thickness of 0.5 mm (Fuel CellEarth, USA). 

The cathode with the membrane mixture is left to dry overnight to allow 

the complete evaporation of the solvent. The platinum was sprayed 0.5 mg Pt/cm2)blended with 

distilled water, isopropyl alcohol and a small amount of polytetrafluoroethylene, which acts as 

a binder (60 wt% dispersion in water, Sigma AldricheFlucka), Once dry, the homogeneous 

polymer inclusion membrane solution is poured over the same face of the cathode. When the 

membrane solution is poured over the carbon cloth, the solution streams by gravity through the 

cloth fibers to the other side of carbon cloth, which becomes covered in a bigger amount of 

membrane (plastic appearance) [13]. 

A HITACHI S-3500N scanning electron microscope (SEM) and an energy dispersive X-ray 

BRUKER AXS (EDX) analyzer with high vacuum and variable pressure mode are used to study 

the morphological appearance, overall chemical composition and distribution of the chemical 

elements present in the two membranes assemblies. This characterization by SEM-EDX is 

performed for polymer inclusion membranes based on ionic liquids in their fresh state and 

directly after use.  

2.5. Analytical methods  

2.5.1. Electrochemical characterization of Polymer inclusion membranes 

The studied PIMwas characterized in a two MFC configuration. Internal resistancevalues were 

calculated from Nyquist plots, which in turnswere obtained with the AC 

ImpedanceSpectroscopy method, FRA(frequency response analysis) (Autolab PGSTAT302N, 

MetrohmAutolab B.V., Utrech, The Netherlands) Electrical impedance measurements ranged 

from 1 MHZ to 0.1 Hz with a perturbation voltage amplitude of 0.05 V [8].  
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2.5.2. Polarization and power curves calculation  

Polymer inclusion membranes were studied in MFCs using wastewater as substrate, andthe 

results in terms of maximum power density were linked to theionic conductivity appearing from 

electrochemical impedancespectroscopy technique (EIS). Polarization curves present how 

MFCs maintains voltage well as a function of the current (V vs. I) as long as power curves 

describe the power densityin functionof the current (P vs. I). Both were obtained by measuring 

thevoltage of the system in a range of external load resistances (Rext), from 1100 kΩ to 0.9 Ω, 

starting at OCV (OpenCircuit Voltage) conditions. For each load, the currentdensity was first 

calculated by the formulaI=E/Rext and then standardized by theanode volume. The power 

density can be first calculated as P=E2/Rext, or as P = I2/R, and then standardized by the 

anodevolume. 

From the power curve, the internal resistance of a given MFC can becalculated. As reported by 

Logan [7], external and internal resistance areequal whenpower density is maximum (Rext = 

Rint). The internalresistance of the system is known if the Rextis calculated from thepower curve 

as Rext = E/I, where E and I are voltage and current at maximum power density. 

2.5.3. Chemical oxygen demand effect and measurements 

Concentration of the wastewater chemical oxygen demand (COD) necessarily influences the 

wastewater treatment and power generation in MFC operated in continuous mode. Current 

output and effectiveness of treatment are directly proportional to the concentration of substrate 

which can be measured in terms of COD in an MFC. Higher COD yields maycauses substrate 

inhibition [14]. 

COD (Chemical oxygen demand) values was measured withSpectroquant COD Cell Tests, 

Photometric method (Merck, Germany) and COD Spectroquant Nova 30 spectrophotometer 

(Merck, Germany), using the method described in APHA [5,6]. It was measured at the 

beginning and after 24h during 5 days for each flow. 

For the measurement of COD, the photometric method was used with the MERCK COD 

TUBES IN TESTS (Fig 4) for a range of measurements from 25 to 1500 mg/l. The digestion 

of 3 ml of sample filtered with MILLEX 0.45 filter μm (MILLIPORE) is carried out during two 

hours at 150ºC in a Velp®Scientifica ECO 16 model digestion thermoreactor with capacity for 

14 digestion tubes of 16 mm diameter and 10 ml capacity. A measurement was then made on a 

MERCK spectrophotometer model NOVA 30 (Fig 5). This spectrophotometer has a large 
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number of programs, but when the tube is inserted, it automatically recognizes the appropriate 

program for the introduced cell. 

Soluble CODremoval (COD)R is defined as the ratio between the total COD loadconsumed in 

the process and the initial COD load, being the CODconsumed (CODR) the difference between 

the initial chemical oxygendemand [COD]0 and the chemical oxygen demand at a giventime 

[COD]: 

CODR (%) = ([COD]0 - [COD]).100/[COD]0  (1) 

 

             

Fig 4: MERCK cuvette test for COD   Fig 5: MERCK spectrophotometer model 

         NOVA 30 

2.5.4. Wastewater treatment parameters  

In order to evaluate the efficiency of wastewater treatment through the MFC system, besides 

COD (Chemical Oxygen Demand) the effluent from the reactor was examined with regard to, 

total nitrogen, total P (Phosphorus), TSS (Total Suspended Solids), SO4
2- (sulfate), Cl- 

(Chloride), NO3
- (Nitrate), HPO4

2- (Hydrogen phosphate), Fe2+ (Iron) and pH according to the 

standard methods in the textbook of standard methods for water and wastewater examination 

[6]. Total suspended solids, hardness, alkalinity and ion analysis were performed using AFNOR 

standard methods. 

2.5.5. Hydraulic Retention Time (HRT) 

In terms of HRT, biofilm requires sufficient contact time with organic substrates in order to both 

absorb and degrade the substrates. The MFC is performing in a continuous flow mode by feeding 



 

79 
 

wastewater into the bottom of the vertical reactor using a peristaltic pump (Ismatec™ MS-4/12 

Reglo Digital Pump Flow Rate: 0.001 to 24mL). The flow rates were adjusted to obtain HRTs of 

360 mL/day or 504 mL/day, and these were slow enough to warm the wastewater to ambient 

temperature in the constant temperature room (30 °C). 

3. Results and discussion  

3.1 Horizontal reactor: 

The ionic-liquid based PIMs in this study were tested asseparator in a new horizontal configuration 

of MFCs fed with wastewater and their polarization and power curve was obtained. Fig 6. This 

curve describe power density and voltage, respectively, power and current densities are depended 

to the anode volume. The internal resistance of the MFCcan be calculated by power curve, as 

explained above. The power density at 0.11 V was 42,78 mW m-3. 

After 48 hours of the experiment, the voltage achieved the lowest value, and the reactor stop 

working because of membrane degradation. Thus, water start leaking through the membrane and 

the power shut down. (Table 2-3) 

 

Table II-2: Voltage results of the horizontal reactor after 2 days of experiment 

Day Hour Voltage (mV) 

First day 09:00 152 

13:00 126 

17:00 114 

21:00 80 

Second day 09:00 37 

13:00 39 

17:00 41 

21:00 47 
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Fig 6: Polarization curve of the horizontal reactor MFC using an embedded cathode membrane based 

on IL [PI4;I4;I4;1
+][TOS-] for the first day 

 
 
 
 
 
 

Table II-3: COD Value of the horizontal reactor MFC 
 

 COD Value (mg/L) 

Initial value 1280 

After one day of treatment 1832 
 

As shown in table 3, COD value after one day of treatment is higher than the initial value, which 

prove that an important part of the membrane was dissolved in the wastewater. The reasons of 

membrane degradation are discussed in the next section. 

3.1.1 Membrane degradation and effect of Fe2+and Carbon 

Membrane degradation can be caused by various phenomena: mechanical, thermal stresses or 

chemical degradation. Mechanical degradations are pointed out as the major cause of failure 

during the first hours of operation. These degradations can occur upstream, during the 

manufacture of the membrane or during assembly (positioning, tightening...). The areas under 

the channels, which are particularly sensitive, are subject to inhomogeneous mechanical 

stresses, contributing to the weakening of the membrane [12]. 

IL based membrane was exposed to the wastewater containing Fe2+in a concentration of 250 

ppm at 27 °C for 48 h. It has been proved that the exposure of a membrane to different 

concentrations of Fe2+ is a key factor in membrane degradation. At low concentrations of Fe2+, 
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the principal degradation product is fluoride ion and a small number of polymers. As the Fe2+ 

concentration increases, the radicals may attack fewer active bonds such as C–O in the polymer. 

Despite, the X-ray fluorescence spectra discussed below show a large loss of fluorine from the 

membrane with the highest Fe2+ concentration, the low F− emission rate cannot account for this 

large loss [15]. 

Based on the experimental results, the degradation of the membrane can occur due to the attack 

of defects in the main chain such as “residual” C–H bonds that exist in the wastewater, in 

carbon-cloth and in the graphite granules. In fact, C–F bonds are responsible for the chemical 

stability membranes and are thereby improbable to be attacked extensively by free radicals. 

However, defects such as C–H or C=C bonds, which may develop in the polymer during the 

experiment, are enough to launch radical reactions and ultimately degrade the membrane [9].  

 

 

 

A 
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Fig 7: A: PIM before experimentation in a MFC; B: PIM after experimentation in a MFC 

The carbon-centered radical is not stable; therefore, it can be subjected to further radical 

reaction with hydroxyl radicals or even Oxygen and water to generate more stable peroxyl 

radicals or ester structures and thereby produce fluoride ions and polymer fragments [15]. 

Regarding our experiment, the horizontal reactor had a small distance between the tube 

containing carbon granules and carbon graphite bar compared to the vertical one. 

In horizental case, carbon is precipitad in the bottom of reactor result of gravity in direct contact 

with the menmbrane. Wastewater is then charged by carbon particulesdue to its contactwith 

carbon granules and PIM. 

Unlike the vertical reactor, which the PIM is in contact only with effluent in the half of the 

reactor and where the precipated carbon is not in direct ontact with membrane. 

SEM images were taken before and after the experiment as shown in Fig 7. In these images the 

membrane cathode assembly before use is shown left (A), and the right image shows the 

membrane cathode assembly after the experiment (B). 

 

 

B 
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3.1.2 Pollutants adsorption by membrane  

Even if the membrane was degraded partially, it has been tested by X-ray fluorescence and it 

shows another aspect of this membrane. The percentage of many pollutants have decrease after 

only 48 h of treatment. Thus, the membrane has adsorbed some pollutants such as: Na+, Mg+, 

Ca+, Al-, Cl-, and also some heavy metals e.g. Cu, Cd, Cr. 

Sulek et al. have reported that aluminum and chromium contaminated membrane are able to 

produce a great loss in performance due to their high valence. Thus, this hypothesis held true 

only for aluminum [11]. 

Chloride adsorption have been resulted in a loss in electrochemical surface area. The presence 

of Cl− in the fuel stream leads to an initial sudden decline of the cell performancemeasured by 

cell voltage at a constant current density [10]. 

Table II-4: Results of X-Ray Fluorescence test in the membrane of the horizontal reactor in the end of 

treatment process by MFC. 

 

Elements Blank H Vacuum V Vacuum H Helium V Helium 

C 74,6800 58,4000 69,3300 59,1900 69,7400 

Na 0,0091 2,6150 0,5630 2,3000 0,6100 

Mg 0,0055 0,2080 0,0495 0,1570 0,0515 

Al n.d. 0,1390 0,1060 0,1950 0,1220 

Si 0,0140 0,0461 0,0191 0,0430 0,0277 

P 5,1570 1,0380 1,4570 1,3390 1,3580 

S 5,0510 0,9818 n.d. 0,5356 n.d. 

Cl 14,6400 35,2700 26,3000 34,4500 25,7400 

K n.d. 0,0401 0,0110 0,0341 0,0130 

Ca 0,0062 0,1970 0,2040 0,2200 0,1620 

Mn n.d. n.d. n.d. n.d. 0,0021 

Fe 0,0056 0,0030 0,2505 0,0285 0,3068 

Cu 0,0122 0,0437 0,0175 0,0170 0,0507 

Zn 0,0167 0,0027 n.d. 0,0023 0,0019 

Br 0,0034 0,0021 0,0057 0,0040 0,0092 

Sr n.d. 0,0047 0,0043 0,0027 n.d. 

Pt 0,3950 1,0230 1,6750 1,4700 1,7960 

Total (%) 99,9957 100,0062 99,9926 99,9882 99,9909 

Mass (g) 0,57 0,65 0,40 0,28 0,21 
 

Note: the membrane adsorbs Cl- and Na+, Fig 8 shows the formation of salt during and after 

treatment in the membrane assembly. 
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Fig 8: Salt formation on the membrane assembly during and after treatment 

3.2 Vertical reactor: 

Polarization and power curves for the studied continuous vertical MFCs were measured when 

the voltage response of the systems werestable. In contrary to the horizontal reactor, the vertical 

one has performed in good conditions in both flows (0.25 ml.min-1and 0.35 ml.min-1) till the 

end of experiment with a small amount of leaking drops through the membrane during the 

second and the third day. 

 The first flow: 0.25 ml.min-1 

Table II-5: Effluent concentration and COD removal by the vertical reactor using the first flow (0.25 

ml.min-1) 

Time (h) 
Effluent concentration (mg/l) Removal (%) 

0 1276,33 
0,00 

24 1158,33 
9,25 

48 983,33 
22,96 

72 711,33 
44,27 

96 579,00 
54,64 

120 522,00 
59,10 

144 512,00 
59,89 

168 502,33 
60,64 
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Fig 9: Polarization curve of the vertical reactor MFC working in the first flow for the last day of 

treatment 

Power curves and polarization for the continuous MFCs studied were measured when the 

voltage response of the systems werestable. As shown in Fig 9, power density at 0.35 V was 

1,49 Wm-3. 

The second flow: 0.35 ml.min-1 

Table II-6: Effluent concentration and COD removal by the vertical reactor using the second flow 

(0.35 ml.min-1) 

Time (h) 
Effluent concentration (mg/l) Removal (%) 

0 
1276,33 0,00 

24 
1188,33 6,89 

48 
1023,33 19,82 

72 
818,67 35,86 

96 
722,67 43,38 

120 
626,67 50,90 

144 
618,67 51,53 

168 
607,67 52,39 
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3.2.1 IL-based membrane stability: 

The membrane stability was studied before using it in the MFC. After the membrane-cathode 

assemblies was prepared the weights of the [P+
I4,I4,I4,1][TOS-] assemblies was 21.3 g. After 20 

days of application in distilled water the membrane-cathode was dried and weighed giving a 

weight of 16.6 g, which is almost 22% of the totalweight. It must be observed that this weight 

reduction is due to the quantity of ionic liquid that goes from the membrane to the water. The 

selected ionic liquids are not toxic and contain carbon chains and ammonium atoms which can 

be utilized by microorganisms as a power source in case of being discharged to the medium. 

3.2.2 Wastewater treatment by a continuous flow Microbial Fuel Cells (MFC): 

Physical analysis of industrial wastewater is carried out analyzing many parameters pH, EC, 

Eh, COD, TSS, SO4
2-, Cl-, NO3-, TP, HPO4

2-, Fe2+ (Table 1). Results obtained after 168 h of 

treatment is show, below: 
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Table II-7: Comparison of physicochemical parameters after treatment in microbial fuel cells (MFCs) 

using two different flows. 

Parameters 

 

Initiale 

Value 

 

Reactor- First flow  

(0.25 ml.min-1) 

Reactor- Second flow  

(0.35 ml.min-1) 

Effluent 

concentration 

(HLR-25) 

Removal (%) 

Effluent 

concentration 

(HLR-35) 

Removal (%) 

pH 8,44 7,03 N/A 7,51 N/A 

Electrical 

Conductivity 

(mS/cm) 

14,58 11,42 N/A 13,31 N/A 

Redox Potential 

(mV) 
112 52,00 N/A 38,00 N/A 

COD (mg/l) 1276 502,33 60,64 607,67 52,39 

TTS (mg/l) 1534 515,76 66.38 636,70 58,49 

SO4
2- (mg/l) 7397 3176,00 57,06 4072,00 44,95 

Cl- (mg/l) 726 408,00 43,80 528,00 27,27 

NO3
- (mg/l) 9.17 6,64 27,59 8,02 12,54 

Total Phosphorus 

(mg/l) 
15,96 12,63 20,86 14,64 8,27 

HPO4
2- (mg/l) 11.93 9,52 20,20 10,75 9,89 

Fe (II) (ppm) 1285 318,00 75,25 629,00 51,05 
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Fig 10: Scanning electron microscopy on both sides of each membrane-cathode assembly designed. 

C: PIM before experimentation in the vertical MFC; D: PIM after experimentation in thevertical MFC 

  

C 
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Fig 11: pH variation of the effluent concentration during the treatment by two flows 

There is slight reduction in pH, the pH of the solution for the first flow (0.25 ml.min-1) varied 

between 8.44 and 7.03, while the pH variation for the second flow is varied between 8.44 and 

7.51. Biological processes such as nitrification, in which ammonia present in the wastewater is 

oxidized biologically to nitrite then transformed by oxidation as well to nitrate, provide protons 

and thus lower the pH. 

Fig 11 shows the variation of pH in two different flows, this variation could be due to the fact 

that the non electrogenic microorganisms present in the wastewater consumed the substrate 

under anaerobic conditions producing acids as mentioned by Ren et al. (2018) [16]. Despite this 

variation, the pH was between 7 and 8.4, which is the range suitable for electrogenic 

microorganism’s development. 
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Fig 12: Electrical conductivity variation of the effluent concentration during the treatment by two 

different flows 

 

Fig 13: Redox potential variation of the effluent concentration during the treatment by two different 

flows 
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Electric conductivity of domestic and industrial wastewater is a major challenge that still face 

large scale application of the microbial fuel cells technology [17]. Biofilms in microbial fuel 

cells (MFCs) have been identified to express electrical conductivity further strengthen the 

hypothesis that interactions through electrical currents are a crucial component of these 

environment. Electrical conductivity decreased slightly in the reactor performing by the HLR 

0.25ml.min-1, while it is almost stable in the other reactor. This decrease in the conductivity 

would raise the internal resistance of these systems. 

Considering the oxidation states between oxidized and reduced electro 

active sections mostly differ by one electron, the presence of compensating small, mobile 

counter ions is necessary in supporting electro neutrality of the redox polymer meanwhile super 

exchange [18]. The redox potential reached a maximum of 145 mV by the HLR of 0.25 ml.min-

1 after 48 h of treatment. The HLR of 0.35 ml.min -1 reached also the highest value after 48 of 

operation by 118 mV. 

 

Fig 14: COD variation of the effluent concentration, and COD removal during the treatment by two 

different flows 

0,00

10,00

20,00

30,00

40,00

50,00

60,00

70,00

80,00

0,00

200,00

400,00

600,00

800,00

1000,00

1200,00

1400,00

0 24 48 72 96 120 144 168

R
em

o
v

a
l 

(%
)

C
O

D
 c

o
n

c
e
n

tr
a
ti

o
n

 (
m

g
/L

)

Time (hour)

COD
Effluent concentration (HLR-25) Effluent concentration (HLR-35)

Removal (HLR-25) Removal (HLR-35)



 

92 
 

Figure 14 shows that the flow has an influence on the removal of organic matter expressed in 

COD. Where the second flow (0.35 ml.min-1) has a low removal compared to the first flow 

(0.25 ml.min-1). According to Feng et al. (2009), if the temperature is reduced slightly, this 

would affect the removal of organic matter and therefore the production of electric current. This 

responds to the behavior of the two MFCs performing in the two different flows. Then it is 

concluded that during the entire electricity generation process the temperature with which one 

initially works must be kept constant, since if it is varied it could negatively influence the 

efficiency of the MFC [19]. 

Slow biodegradation rates demonstrate less COD is consumed in a given period of time, in this 

manner the exchange of electrons to the anode is slower, which normally results in lower anode 

potentials and low amount of produced energy. 

The final value of COD is 502,33 mg/L at a flow rate of 0.25 ml.min-1, representing a 

wastewater conversion of 60,64 % giving the best rate compared with the flow rate of 0.35 

ml.min-1 which had a value of 52,39 %.  

Regarding the levels of TSS, it's shown in the Fig 15 that there is big reduction in TSS after 

treatment the appearance and color also changed during treatment. In other studies, is was been 

observed an increase in the TSS and a low removal rate in this parameter is linked to the 

presence of graphite granules in the reactor, which would raise the presence of graphite dust in 

the solution [28]. TSS removal in this experiment was 66.38% and 58,49 % for the first and 

second flow respectively. The second result was similar to the results from Tian et al. 

(2017) who reached a TSS removal of 57% associated to substrate biodegradation in 

MFCs, indicating that this value is low an improvement of the hydrolysis of substrate was 

necessary to obtain a higher removal[20]. Various studies shows MFCs are able of removing 

TSS. Wang et al. (2015) reported that a MFC treating wastewater achieved 50% removal of 

TSS, without undergoing any pretreatment [21]. 
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Fig 15: TSS variation of the effluent concentration and percentage removal during the treatment by 

two different flows

 
Fig 16: SO4

2- variation of the effluent concentration and percentage removal during the treatment by 

two different flows 
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Wastewater coming from oil industry contain a high amount of hydrocarbons. Microbial 

degradation of hydrocarbons depends largely on the presence of terminal electron acceptors 

(TEAs) e.g. NO3
-, SO4

2-, O2. Sulfate reducing bacteria can reduce sulfur compounds as sulfate 

to sulfide by sulfate reducing bacteria and then be eliminated by MFCs. 

The concentration of sulfate in the effluent from the two reactors was evaluated and the results 

are shown in Fig. 16. After 7 days operation, the highest removal rate of sulfate was 57,06 % 

was achieved by the flow of 0.25 ml.min-1. The other flow achieved 44,95 % .Some 

microorganisms present in wastewater have the capacity to utilize sulfate in wastewater as 

the possible electrons receiver and then sulfate is reduced to sulfide that is active 

electrochemically in the anode and it's oxidized on the electrode surface causing loses of its 

electros electrons, then it's reduced to sulfate which induces a low sulfate removal rate [22]. 

This class of MFCs has a high current density compared to other classes and 

doesn't require other heterogeneous mediators, because sulfate or sulfides proceed as a 

mediator. 

 
Fig 17: Cl- variation of the effluent concentration and percentage removal during the treatment by two 

different flows 
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Fig 18: NO3
- concentration and Removal by two different flows 

Nitrogen exist in domestic and industrial wastewater principally in the form of ammonium 

(NH4
+) and/or nitrate (NO3

-).  Organic nitrogen removal is mainly preferred over 

physicochemical methods such as adsorption, ion exchange, and chemical treatment owing 

to its lower value and the requirements of chemical/energy [23].   

During the treatment process, NO3
- was reduced electrochemically using the provided electrons 

by wastewater, which explain the decrease in concentration of NO3
-. A significant removal of 

NO3
- by the first flow (27,59 %) compared with 12,54 % given by the second flow (Fig. 18). 

The highest nitrogen removal effectiveness was only 27,59 % due to the higher NO3 amount in 

the substrate (9,17 mg NO3
-. L-1). Insignificant levels of NO2

- were measured under all 

the applied conditions (<0.3 mg NO2
- . L-1).  

Chlorides are generally present in industrial wastewater, that can be associated to dissolution 

of salts deposits of effluent from chemical industries, etc. The experimental 

data demonstrates that chlorides content has decreased from 726mg/l to 408mg/l. The 

chlorides removal may be associated to the availability of biodegradable substrate in 

wastewater leading to competitive inhibition in microorganisms. 
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The HLR 0.25 ml.min-1gave the best removal rate by 43,8 % against 27,27 % by the HLR of 

0.35 ml.min-1 as shown in the Fig 17. Only few studies have focused on chloride ions in 

microbial fuel cells.  Sophia et al. (2016) identified the removal of sodium ions (Na+) as 83.3% 

and chloride ions (Cl-) as 57.8% using the shells of coconut as a carbon source to power 

production improvement [24]. 

 

 

Fig 19: Total phosphorus concentration and Removal by two different flows 

The phosphorus is present in the membrane based on ionic liquid "triisobutyl methyl 

phosphonium tosylate". Membrane degradation is already discussed in section 3.2. The 

membrane degradation will affect the removal of total phosphorus by providing phosphorus 

components to the medium. Some researches present a maximum removal efficiency of total 

phosphorus of 31.18%, and after 30 days of treatment the removal percentage is almost 0% 

[25]. 

In our experiment, the average concentration of phosphorus in wastewater was 16 mg/l and 

after 7 days of treatment its removal rate was 20.86% by the reactor operating in 0.25 ml.min-1 

flow, while the removal by the second flow was only 8,27 % (Fig. 19). Likewise, the other 
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explanation of this aspect is possibly owing to the low Redox potential that drives to 

stimulation of microorganisms for releasing phosphorus or transforming the organic 

phosphorus in the wastewater to orthophosphate. 

 

 

Fig 20: Hydrogen phosphate ion concentration and Removal by two different flows 
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Fig 21: Iron (II) ion concentration and Removal by two different flows 

Notable evolution in phosphate removal was noted in the end of experiment (20.20%) for the 

HLR of 0.25 ml.min-1, while the HLR of 0.35 ml.min registered only 9.89 % (Fig. 20). The 

removal of phosphate was probably inhibited by localization of the pH evolution and 

complexes amounts of carbonate and magnesium [26]. 

The iron phosphate present in the wastewater was reduced and then orthophosphate liberated:  

3𝑒− + 3𝐻+ + 𝐹𝑒(𝐼𝐼𝐼)𝑃𝑂4 ↔ 𝐻3𝑃𝑂4 , 𝐻2 𝑃𝑂4 
−, 𝐻𝑃𝑂4 

2−, 𝑃𝑂4 
3− 

The major limitation for productive orthophosphate amounts is the restricted accessibility of 

the reduction in the phosphate containing particles, Meanwhile, it presents 

proved satisfactory adsorption by the membrane in presence of F2+ as discussed in the section 

3.2. Fischer et al. proved the possibility of phosphate recycling and recovery from digested 

sewage sludge, it offers a supplementary alternative to the common sewage disposal and reuse 

practices. 

The MFC technology excellently fits the larger conceptual need to treat phosphate present in 

wastewater in a decentralized way [27].   
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4. Conclusion 

Ionic-liquid based PIMs were tested as separator in a new horizontal and vertical configurations 

of MFCs fed with wastewater. 

It has been concluded that the effectiveness of treatment is directly dependent to the HRT, pH, 

T° operated in continuous mode, and the highest performance of wastewater treatment was 

reached for the flow of 0.25 ml.min-1. 

For horizontal configuration of MFCs, COD value was found to be higher than the initial value 

after one day of treatment, which proves that an important part of the membrane was dissolved 

in the wastewater. This membrane degradationis mainly attributed to the small distance between 

the tube containing carbon granules and carbon graphite bar, in that case, carbon is precipitated 

in the bottom of reactor result of gravity in direct contact with the membrane.Wastewater is 

then charged by carbon particles due to its contact with carbon granules and PIM.Althoughthe 

membrane was degraded partially, the percentage of many pollutants and heavy metals have 

decrease considerably after only 48 h of treatment.  

In contrary to the horizontal reactor, the vertical one has performed in good conditions in 

different conditions. 

the efficiency of wastewater treatment through the MFC system, the effluent from the reactor 

was examined with regard to, COD (Chemical Oxygen Demand), total P (Phosphorus), TSS 

(Total Suspended Solids), SO4
2- (sulfate), Cl- (Chloride), NO3

- (Nitrate), HPO4
2- (Hydrogen 

phosphate), Fe2+ (Iron) and pH, Total suspended solids, hardness, alkalinity and ion 

analysis.The following parameters were examined for both flows (0.25 ml.min-1and 0.35 

ml.min-1). 

It has been concluded that wastewater treatment reached the highest performance for the flow 

of 0.25 ml.min-1 
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1. Introduction 

Over the years, membrane-based processes have attracted much interest because they can 

be performed under moderate conditions and their energy needs are significantly low [1]. 

Reverse osmosis, ultrafiltration, microfiltration, pervaporation or gas permeation are a few 

examples of the most common membrane-based processes. In all these cases, the performance 

of the separation process might be improved by tailoring the membrane properties for the 

selective separation of a specific compound. One of the current trends for improving the 

membranes properties involves the use of ionic liquids (ILs) [1]. 

Ionic liquids are molten salts, which remain liquid at temperatures below 100 °C. They 

usually consist of an organic cation (imidazolium, pyrrolidinium, pyridinium, etc) and an 

inorganic (hexafluorophosphate, tetrafluoroborate, chloride, etc) or organic anion 

(dicyanamide, bistrifluoromethylsulfonylimde, tosylate, etc.). Their unique properties make 

them very attractive for a wide variety of chemical processes such as separation or catalysis. 

They exhibit good chemical and thermal stability along with near-zero vapor pressure. They 

are considered as environmentally friendly solvents whose properties can be tailored by varying 

the anion and the cation of their structure in order to be adapted to a specific process [2][3]. 

ILs have successfully employed as extraction agents for metal ions, organic compounds or 

macromolecules and in liquid/liquid systems [4][5][6][7]. However, their immobilization in 

different kinds of matrixes provides a dual benefit: i) to obtain stable materials with a minimal 

content of IL and ii) the opportunity to reuse the IL at the end of the process. Other benefits of 

these types of membranes are their simple synthesis process and their low energy requirements. 

Regarding the membrane properties, the use of ionic liquid in its structure allows us to tailor 

them in order to be adapted to a specific and selective separation process [8][9].  IL-based 

membranes can be mainly grouped into: i) supported ionic liquids membranes (SILMs), ii) 

polymer ionic liquid inclusion membranes (PILIMs), iii) polymerized ionic liquid membranes 

(PyILMs) and iv) other ionic liquid/polymer composite materials [10]. SILMs consist of 

immobilizing the IL into a porous material by using capillary forces. The main drawback of 

these membranes is the lack of long-term stability caused by the leakage of the IL from the 

porous. To overcome this limitation, the IL can be immobilized into a polymer matrix where it 

is completely retained, giving rise to PILIMs. Both the long-term stability as well as the 

selectivity of this type of membranes has promoted their application in a broad domain. For 

instance, IL-based membranes have shown promising results in gases separation and metal 
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extraction [11] [12].  Another recent use of PILIMs is as separators in microbial fuel cells 

(MFCs) [13]. Microbial fuel cells use bacteria to convert the chemical energy stored in a 

specific substrate into electrical energy. So far, different kinds of synthetic substrates have been 

explored, however complex feedstock such as wastewater is most interesting due to its need for 

treatment and availability. The main advantage of MFCs over other technologies is that they 

are able to produce electricity and treat wastewater simultaneously [14]. However, in order to 

facilitate the commercialization of this technology is necessary to reduce the overall cost of the 

devices as well as improving the energy harvesting. The use of IL-based membranes addresses 

both challenges by replacing the expensive and sometimes low-efficient commercial 

membranes [15]. In recent years, MFCs technology was combined with algae as the oxygen 

supplier. In this case, bacteria degrade the organic matter in the anodic chamber while algae 

grow in the cathodic compartment, providing the oxygen necessary for completing the redox 

reaction on the cathode. Furthermore, algae are able to capture carbon dioxide and the algal 

biomass produced could be used for the production of added-value compounds [16]. This novel 

approach could improve the power performance and the wastewater treatment efficiency of 

MFCs. Moreover, the transport of specific compounds from the anode to the cathode might also 

help to the algae growth, reducing the nutrients added to the cathode chamber. The selective 

transport of nutrients through the membrane will allow us to design a more efficient system for 

both bioenergy productionand wastewater treatment. 

In this work, the transport of two nutrients, specifically calcium chloride (CaCl2) and 

sodium hydrogen phosphate (Na2HPO4), through polymer inclusion membranes based on 

ammonium-type ionic liquid was evaluated. The effect of the ionic liquid membrane 

composition and the nature of the nutrient on the permeability of the membrane was analyzed 

in-depth. Although the main objective of this work is the application of the results to the design 

of a double-chamber MFC, the conclusions of the present work might be applied to any field in 

which the recovery or selective separation of the studied nutrients are of interest. 

 

 

2. Materials and Methods 

2.1. Preparation of polymer inclusion membranes based on ionic liquids 
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Casting method was used in order to prepare polymer inclusion membranes based on 

methyltrioctylammonium chloride, [MTOA+][Cl-]. This ionic liquid was purchased from 

Sigma-Aldrich-Fluka (purity >97%). This technique allows us to immobilize the ionic liquid in 

a polymeric matrix, in this case, polyvinyl chloride (PVC) (Sigma-Aldrich-Fluka). The method 

consists of preparing a mixture based on the selected ionic liquid, the polymer and an adequate 

amount of tetrahydrofuran (THF). The solution is stirred until the polymer is totally dissolved.  

Then, it is poured on a glass ring overnight in order to allow the solvent to evaporate. The final 

weight of the membranes was fixed at 0.3 g and two different amounts of ionic liquids were 

used (70 % w/w and 30 % w/w) [17].Table 1 depicts the chemical structure of the ammonium-

based ionic as well as the polymer used to synthesize the membranes. 

Table III-1.Structure of both the ionic liquid and the polymer used to prepare the membranes. 

Compound Structure 

Methyltrioctylammonium Chloride 

 

 

Polyvinyl Chloride 

 

 

 

2.2. SEM-EDX and elemental mapping characterization 

The morphological appearance and the chemical composition of the membranes were 

analyzed, as well as the distribution of the elements of interest on their surface by using a 

scanning electron microscope (SEM) Hitachi S-3500N and a Bruker AXS for energy-dispersive 

X-Ray (EDX). 

The ionic liquid-based membranes were characterized by SEM-EDX and elemental 

mapping before and after being used for the selective transport of the nutrients. 
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2.3. Ions transport studies 

The transport of CaCl2 and Na2HPO4through the PILIMs was evaluated. The transport 

studies were performed at 25°C by using a glass diffusion cell with two independent 

compartments of 250 mL eachand separated by the PILIMs(see Fig. 1). In each experiment, 

pure CaCl2 and Na2HPO4 were used in order to prepare two different feeding solutions with a 

final concentration of 1 g.L-1.  Pure water was used as the receiving solution in both cases.  

Substrates, solvents and other chemicals were purchased with the highest purity available from 

Sigma-Aldrich-Fluka. Both compartments were mechanically stirred to avoid concentration 

polarization conditions at the membrane interface. The transport of the anions and cations 

contained in the feeding phase across the IL-based membranes was analyzed during 168 h. 

Samples were taken at different time intervals during the operating time andtheir composition 

was analyzed by ionic chromatography (850 Professional IC, Metrohm). 

                  

Figure 1. Scheme of the glass diffusion cell set-up used for the nutrient analysis through IL-based membranes. 

2.4. Ionic chromatography 

Ion detection was performed by using an 861 Advanced Compact IC module. Cations Na+ 

and Ca+2 were determined by a Metrosep C4-250 column whereas Cl- and HPO4
-2 anions were 

detected by a Metrosep A Supp 5-250 column.  

2.5. Calculation of permeability 

The transport of the nutrients through the IL-based membranes was analyzed in terms of 

permeability. The average permeability (P̄) was calculated from the slope of equation 1, which 

was derived from the application of the solution-diffusion model (See Fig. 2) to the transport 

of nutrients through PILIMs[18]. 

Feeding phaseReceiving phase

Anion

Cation

IL-based
membrane



 

107 
 

 

Figure 2. Transport of nutrients through PILIMs membranes based on solution-diffusion model. 

 

𝑙𝑛 (
𝐶0−2𝐶𝑟

𝐶0
) =

−2P̄𝐴

𝑉
𝑡  Equation 1 

 

where C0 is the initial solute concentration in the feeding phase (mol.L−1), Cr the solute 

concentration in the receiving phase (mol.L−1), A the membrane area (cm2), V is the volume of 

the compartments (mL) and t the run time (h).  All experiments were carried out in duplicate 

and the mean values are reported. 

In order to evaluate the ability of the different membranes to separate the target compounds, 

another parameter named average permselectivity of the membrane is defined as follows: 

𝑟P̄ =
∑ rPi
n
i

n
with     rPi > 1          Equation 2 

Where rPi is the membrane permselectivity between two compounds and n is the number 

of the possible combinations of compounds. rPi can be rewritten as follows: 

𝑟𝑃𝑖 =
𝑃𝐴

𝑃𝐵
              Equation 3 

The average permselectivity (rP̄) of the membranes indicates its efficiency for the 

separation of a specific compound [18].  

Feeding phaseReceiving phase
IL-based

membrane

Feeding phase-
membrane interface

Membrane-receiving
phase interface

C0

Cr

Step 1: Forced
convection

Step 3: Forced
convection

Step 2:
Difussion



 

108 
 

3. Results and Discussion 

3.1. Polymer ionic liquid inclusion membrane characterization before and after being used 

as separators 

Before the preparation of the PILIMs (30 and 70 % w/w), their respective morphology was 

studied by SEM.  SEM micrographs (see Fig. 3A and 3B) showed a smooth surface.  Figures 

3A’ and 3B’ show the characterization of the membranes by elemental mapping, demonstrating 

the homogeneous distribution of the N (in green) and Cl (in red) along the membrane surface. 

Figures 3A and 3B also show some stains on the external surface of the membranes. These 

stains might be an excess of IL since they are highlighted in green color in the mapping images. 

This color represents the nitrogen and it is only present in the IL structure and not in the PVC 

(see Fig. 3A’ and 3B’).The EDX spectra of the membranes (see Fig. 4A and 4B) presented the 

characteristic peaks assigned to chlorine (Cl) and nitrogen (N) [19]. The presence of these 

chemical elements corresponds to the chemical formulation of PVC (Cl) and [MTOA+][Cl-] (N 

and Cl), respectively. 

 

Figure 3. SEM and elemental mapping of membranes containing 70 %w/w of IL (A and A’, respectively) and 

membranes containing 30 %w/w of IL (B and B’, respectively) before being used. 

A A’

B B’
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Figure 4.EDX analysis of membranes containing 70 %w/w (A) and 30 %w/w of IL (B) before being used. 

Figures 5, 6, 7 and 8 show the SEM-EDX and elemental mapping of the membranes 

containing 30 and 70 %w/w of ionic liquid after being used as separators for each feeding 

solution (CaCl2 and Na2HPO4, respectively). 

As can be seen in Figures 6 and 8, the characteristic peaks of the membrane (N for 

[MTOA+][Cl−] and Cl for PVC) appeared after using it as separator which indicates the 

adequate stability of the membrane. In addition to the characteristic peaks of the membranes, 

other signals belonging to the nutrients studied are also observed. Those are calcium (Ca) and 

chlorine (Cl) when the nutrient studied is CaCl2 (see Fig. 5A’, 6A’, 7A’ and 8A’), and sodium 

(Na), phosphorus (P) and oxygen (O) in the case of the nutrient Na2HPO4 (see Fig. 5B’, 6B’, 

7B’ and 8B’). These results might be due to the transported compounds are absorbed in the 

membrane structure. The SEM images of the PILIMs after being used in the diffusion cell are 

shown in Figures 5 and 7 (30 % w/w and 70 % w/w of ionic liquid, respectively). In general, it 

is observed that the smooth surface of the membranes is kept after being used in the diffusion 

cell. However, as previously commented, the mapping analysis shows some salt deposits such 

as  CaCl2 when the transport of this nutrient was studied through the membrane with 30 % w/w 

and 70 % of ionic liquid  (see Fig. 5A’ and 7A’, respectively). 
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Figure 5.SEM of membranes containing 30 % w/w of IL after being used as separators for each feeding solution: 

CaCl2 (A) and Na2HPO4 (B), and elemental mapping: CaCl2 (A’) and Na2HPO4 (B’). 

 

 

Figure 6.EDX analysis of membranes containing 30 % w/w of IL after being used as separators for each feeding 

solution: CaCl2 (A) and Na2HPO4 (B). 
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Figure 7.SEM of membranes containing 70 % w/w of IL after being used as separators for each feeding solution: 

CaCl2 (A) and Na2HPO4 (B), and elemental mapping: CaCl2 (A’) and Na2HPO4 (B’). 

 

Figure 8.EDX analysis of membranes containing 70 % w/w of IL after being used as separators for each feeding 

solution: CaCl2 (A) and Na2HPO4 (B). 

3.2. Transport studies of CaCl2 and Na2HPO4 through polymer inclusion ionic liquid 

membranes. 

The permeability of CaCl2 and Na2HPO4 through polymer inclusion membranes based on 

[MTOA+][Cl−] was determined. The experimental concentration of the anions and cations in 

the feeding and receiving phases as a function of the time was monitored and the permeability 

of the species was calculated by using the concentrations in the receiving phase (see Fig. 9). In 

this way, the permeability values were calculated from the slopes of the plot of ln[(C0−2Cr)/C0] 

for each compound versus time using Equation (1). As an example, Figure 10 shows the plots 

used to calculate the permeability of each compound through the membrane based on 70 % 

w/wof [MTOA+][Cl−]. The permeability values for each compound through the different 

PILIMs are shown in Table 2.  
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Figure 9. Time courses for CaCl2 and Na2HPO4 in the receiving phase using a PILIM based on 70 % w/wof 

[MTOA+][Cl−]. 

 

 

Figure 10. Plot of ln[(C0−2Cr)/C0] vs. operation time for the transport of CaCl2 and Na2HPO4through a PILIM 

based on 70 % w/wof [MTOA+][Cl−]. 

Table III-2. Permeability values of the polymer inclusion membranes based on the liquid [MTOA+][Cl−]  on the 

transport of CaCl2  and Na2HPO4.. 

 PERMEABILITY (x106 cm.s-1) 

Membrane Na+ HPO4
2- Ca+2 Cl- 

70% w/w [MTOA+][Cl−] 25.671 18.463 0.000 2.669 

30% w/w [MTOA+][Cl−] 4.216 5.351 0.000 1.573 
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Table III-3.Permselectivity values of the polymer inclusion membranes based on the liquid [MTOA+][Cl−]  on the 

transport of CaCl2 and Na2HPO4. 

 PERMSELECTIVITY (rPi) 
AVERAGE 

PERMSELECTIVITY (rP̄) 

Membrane Na+/HPO4
-2 Na+/Cl- Cl-/ HPO4

-2  

70% w/w 

[MTOA+][Cl−] 
1.39 9.62 6.92 

5.98 

 HPO4
-2/Na+ Na+/Cl- HPO4

-2/Cl-  

30% w/w 

[MTOA+][Cl−] 
1.27 2.68 3.4 

2.45 

Regarding the permeability values (see Table 2), all ions studied permeated through the 

membranes less Ca2+ in which non-permeation was found for both ionic liquid-based 

membranes (30 % w/w and 70 % w/w of IL). Significant differences in terms of permeation 

between ions and between the same ion through the different membranes (30 % w/w and 70 % 

w/w of IL) were found. As can be seen in Table 2, the permeation increases as the amount of 

IL in the membrane also increases. These results might confirm that the IL is the active phase 

of the membrane allowing the transport of a specific ion. By contrast, in the case of chloride 

anion low permeability values were obtained while non-permeability of Ca2+ was observed. For 

minimizing that difference, an assay without nutrient in the feeding phase was carried out. This 

assay was considered as “zero” when the permeation of chloride was calculated. Regarding the 

permselectivity of the membranes, the average permselectivity was higher in the case of 

membranes containing 70 % of IL. This result indicates that the higher amount of IL in the 

membrane structure, the better selective separation capacity (see Table 3).  Comparing by pairs, 

higher values of selectivity were achieved for membranes containing 70 % of IL than for those 

prepared with 30 %. These results indicate the important role of the ionic liquid in the selective 

separation of the target ions. The selectivity which involves the ion Ca+2 has not been 

calculated since its permeability was near zero.  

Some research works reported in literature study the mechanism of water transport through 

supported liquid membranes (SLM) and liquid membranes (LM) based on imidazolium ionic 

liquids ([CnMIM][PF6]). They report that the transport might be regulated by the mobility of 

water microenvironments inside the IL rather than by molecular diffusion through the bulk ionic 
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liquid. These results show a timeline in the transport through membranes caused by the time 

needed to reach a critical water concentration within the ionic liquid. Water content in ionic 

liquids was found to be necessary to facilitate the transport through the membrane of small ions, 

such as Na+ and Cl-, with a low affinity towards the ILs. So, transport through the SLM could 

be understanding as transport through water microenvironments in the supported liquid 

membrane [20][21]. 

In this work, non-permeation was observed for Ca2+ and a higher lag of time was observed 

for Cl-. As commented above, the permeation value for chloride could be affected by the loss 

of chloride from the membrane. The low permeation value of Ca2+ and Cl- might be due to their 

low solubility in the ionic liquid phase of the membrane. The water solubility in ionic liquids 

was studied by Freire et al. 2007 [22]. The authors found that the solubility of water follows the 

next sequence [BIMIM+][PF6−]>[HIMIM+][PF6−] >[OIMIM+][PF6−]>[MTOA+][Cl−]. So, in 

our case, the forming of a water microenvironment in the ionic liquid would be more difficult 

because of the low water solubility of [MTOA+][Cl−]. For that reason, low or negligible 

permeation of small ions such as Ca2+ and Cl- was observed.  In the case of Na2HPO4 the 

permeability could be explain by solvent ion-pair extraction and ion exchange as is it explained 

below.   

It should also be considered that the permeability values depend on the method used for 

the immobilization of the ionic liquid on the supporting material. SILMs usually allow high 

permeability values however, their stability is lower compared with polymer inclusion 

membranes where the ionic liquids are trapped in the polymer matrix, as in this case [23]. The 

stability of the membranes is usually a critical factor for large-scale applications of membrane 

technology.  

With regard to the transfer mechanism of ions through ionic liquid membranes, the ionic 

nature of the ionic liquid can result in a variety of extraction mechanisms, including solvent 

ion-pair extraction, ion exchange, transport through water microenvironment and simultaneous 

combinations of these. The ion-pair extraction mechanism depends on the solubilization of the 

salt on the ionic liquids whereas the ion exchange-based mechanism the second relies on the 

exchange capacity of the ionic liquid phase. Regarding the transport through water 

microenvironment, as previously commented, it depends on the water solubility on the ionic 

liquids. The main mechanism will depend on the importance of this over the rest of the 

mechanisms and should be studied for each pair of nutrient and ionic liquid phase. An in-depth 
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understanding of the transfer mechanism is of primary importance for establishing a predictive 

model that might be used in practical operations. According to the preliminary results obtained 

in the present work, it might be possible that the primary mechanism is by solvent ion-pair 

extraction however, other mechanisms could also be involved in the process. In order to a better 

understanding of the transfer mechanisms, further works are currently carrying out.  

4. Conclusions 

The aim of this work is to analyze the transport of nutrients such as CaCl2 and Na2HPO4 

through polymer inclusion membranes based on ammonium-based IL. To the best of the authors’ 

knowledge, the existing literature focuses on this research field is limited or non-existent. The 

results show that polymer inclusion membranes containing [MTOA+][Cl−] are stable towards 

an aqueous solution of the studied nutrients. In the case of CaCl2, it showed the least permeation 

due to its low solubility in the ionic liquid [MTOA+][Cl−]. By contrast, Na2HPO4 was more 

permeable and its permeation increased as the amount of IL in the membrane also increased. 

The results reported in this work could be applied to different fields such as separation and 

purification of salt mixtures. This study would allow the efficient design of a two-chamber 

microbial fuel cell, which involves IL-based membrane technology and algae. The permeation 

values of different nutrients would also allow us to decide whether the nutrients should be added 

in the same chamber that microalgae or in the opposite chamber. Furthermore, the results 

obtained open new fields where polymer ionic liquid membrane might be applied. 
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Chapter IV: Use of microalgae as 

alternative in microbial fuel cells 
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1. INTRODUCTION 

The energy sector worldwide has been forced to change rapidly due to global warming. The 

most widely used energy sources are based on fossil fuels even though it is well know that the 

reserves of oil, gas, coal or uranium will be exhausted in 55-75 years. The increase in the world 

population, estimated at around 9.7 billion people in 2050, along with a sharp economic growth 

of emerging countries as China and India, will increase the energy needs of the world [1, 2]. 

The continued use of fossil fuels has several negative environmental impacts due to greenhouse 

gas (GHG) emissions to the atmosphere, such as CO2, which contributes to global warming and 

the acidification of the oceans [3, 4].  

The long-term solution to such environmental problems is the development of renewable 

technologies to produce energy that will reduce CO2 emissions to almost zero in 2100 [5]. To 

stimulate and promote research in the bioenergy field new policies have been adopted around 

the world. Thus, in July 2015, Denmark generated 140 % of its electricity needs from wind 

energy and shared its excess with other countries. This demonstrates that renewable energies 

are feasible for satisfying the world’s energy needs. A recent report from the International 

Energy Agency (IEA) reveals that the energy produced from biofuels and waste have the 

highest potential. The energy obtained from biofuels and waste represented 10.0 % of the 

world`s total primary energy supply, compared with 2.4 % from water, and 1.1 % from other 

sources such as the wind or the sun. Therefore, it is expected that biofuels will play an important 

role in the future as sustainable energy source [6]. 

There are many options available to produce bioenergy and one of the most promising is the 

use of microorganisms. Microalgae are photosynthetic microorganisms that have the ability to 

accumulate lipids, hydrocarbons, etc. that are suitable for the production of biodiesel, methane, 

hydrogen or ethanol, among others. 

Many studies demonstrate that the development of this biotechnology could supply 30 %of the 

global fuel demand in an environmentally friendly way, without having a negative impact on 

food production [6]. Some research works confirm that the production of biodiesel using 

microalgae is more sustainable than its production from agricultural crops since the process 

does not affect the supply of agricultural products [7]. In recent years, many advances have 

been made in the field of MFCs [8]. Microbial fuel cells are an alternative way to produce 
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electricity and microalgae can be grown in the cathode, capturing the small amount of CO2 

produced to be used as substrate in the anode [9]. 

This critical review provides an overview of the use of microalgae to produce a wide range of 

bioenergy, including bioelectricity and biodiesel. It focuses on their use in microbial fuel cells 

for electricity production, and the advantages of this technology and its limitations. However, 

the techniques involved still have many limitations, which hopefully, in the future will be 

overcome by genetic engineering. 

2. MICROALGAE USED IN BIOTECHNOLOGY 

2.1. Brief history of Microalgae 

Microalgae were used in China 2000 years to survive famines but the first research works 

focusing on microalgae valorization were performed during the Second World War. Harder and 

von Witsch in 1942 proposed that some types of microalgae could be used as source of lipids, 

as a feasible food supplement or for producing oil [10, 11,12]. At the beginning of 1960s, the 

biology and physiology of microalgae were well known [12]. However, interest in this 

biomaterial increased rapidly with the oil crisis in the 1970s when microalgae started to be 

considered as a potential alternative to fossil fuels to produce energy [13]. 

Later, in 1980, the US Department of Energy started the Aquatic Species Programme (ASP), 

the main purpose of which was to promote algae as a source of green fuel which could compete 

with fossil fuels [14]. 

The great efforts made in recent years have led microalgae to be considered as a green and 

feasible alternative for bioenergy production based on an effective and low-cost technology 

[15]. Recent studies have demonstrated the positive evolution of microalgae for use as 

feedstock for producing biodiesel, bioethanol, bio-hydrogen, bio-oil and biogas [16, 17, 18, 

19, 20, 21]. 

2.2. Definition of Microalgae 

Microalgae, some of the oldest living organisms, are microscopic photosynthetic organisms that 

can be found in marine and freshwater environments. They are a diverse group of prokaryotic 

and eukaryotic photosynthetic microorganisms with a unicellular or simple multicellular 
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structure that allows them to grow rapidly and live in extreme conditions [16]. Due to their 

simple structure, they take advantage of solar energy quickly and efficiently. They usually grow 

in aquatic environments, which provide them with many nutrients in dissolved form, such as 

CO2 [17]. 

Microalgae can be grouped into different categories based on the pigmentation of their 

biological structure: i) green algae (Chlorophyta), red algae (Rhodophyta) and diatoms 

(Bacillariophyta)[19]. They can also be classified into two groups: i) autotrophic, which only 

require inorganic compounds to grow, such as CO2, salts (nitrate ion, phosphate) and light. This 

subcategory can be divided into photoautotrophs, which use solar light as a source of energy 

and chemoautotrophs, which require an external source of organic compounds as source of 

energy. ii) Heterotrophs can also grouped into photoheterotrophs, which use solar light as 

source of energy and chemoheterotroph, which oxidizes organic compounds to get energy. 

However, there are some types of microalgae that can use different sources of energy and 

carbon, which are called iii) mixotrophic [18,19, 22].  

More than 100,000 different species of microalgae exist around the world, but no more than 

30,000 have been investigated and classified, according to their color, size, pigments, cell wall 

constituencies or metabolism, as suitable for human needs. Microalgae also include the 

unicellular organisms (phytoplnakton) existing in natural water, which are an essential source 

of carbon for aquatic fauna [15, 23, 24]. 

Table IV-1 shows the most common species of microalgae used in biotechnology, their biomass 

production, the type of culture medium they require and the operation mode. 
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Table IV-1. Culture medium, operation mode and biomass production of different microalgae 

strains (*: data not shown). 

Strains 
Cultivation 

system 

Biomass 

productivity 

Culture 

medium 

Culture 

mode 

Optical 

density 
Ref. 

Chlorella 

vulgaris 

Tubular 

photobioreactor 

 

1.5 g.m−2.h−1 
Artificial 

Wastewater 

Semi-

continuous 
N.S*. 

[25] 

[26] 

[27] 

Flat plate 

photobioreactor 

1.0  g.L-1.day-

1 

Jaworski’s 

medium 
N.S. N.S. [28] 

Raceway ponds 
40 

Mg.m-2.day-1 

Municipal 

Wastewater 
N.S. N.S. 

[29] 

[30] 

Chlorella  

sorokinian

a 

Flat plate  

photobioreactors 
7.7  g.m−2.h−1 

Swine 

manure 
N.S. N.S. 

[31] 

[32] 

Tubular 

photobioreactor 

1.47 g.L-

1.day-1 

Inorganic 

medium 

Continuous 

 
N.S. [33] 

Nannochl

oropsis sp. 

Raceway ponds 
0.35 g.L-

1.day-1 
N.S. 

Continuous 

 
N.S. [34] 

Flat plat  

photobioreactors 

2.7 g.L-1.day-

1 
N.S. 

Continuous 

 
N.S. [34] 

Tubular  

photobioreactors 

1.02 g.L-

1.day-1 
N.S. 

Continuous 

 
N.S. [34] 

Scenedesm

us 

obliquus 

Flat plate  

photobioreactors 

100  mg.m-

2.day-1 

Synthetic 

wastewater 

 

N.S. N.S. 

[31] 

[30] 

 

Spirulina 

platensis 
Raceway ponds 

11. to 20.8  

g.m−2dw−1 

Zarouk's 

medium 

Semi-

continuous 
0.5-0.6  

[35] 

[36] 
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3. MICROALGAE CULTIVATION 

Microalgae grow rapidly grow and, in adequate conditions, they can perform one or two cell 

divisions per day [37]. During the photosynthesis process, microalgae produce biomass, when 

they can be represented by the following equations: 

Lights + CO2 + H2O + Nutrients  ⇒  Biomass + O2    (a) 

Microalgae cultivation requires a culture medium rich in nutrients and salts, which will allows 

them to grow quickly. Many physicochemical and biological factors, such as light, temperature, 

pH or nutrient concentrations, affect algal growth. Of these, the most important are light and 

the amount of carbon available in the medium [15].  

The growth of microalgae is strongly affected by the photosynthetic period. Indeed, when the 

photosynthetic period increases from 6 to 12 hours, the average concentration of biomass may 

reach 180% [38]. The photosynthetic process provides microalgae with a huge amount of 

inorganic carbon, which, combined with solar light, produces glucose that can be used as carbon 

source by the microalgae [39] according to the following equation:  

6 H2O + 6 CO2 + Light⇒ C6H12O6 + 6 O2(b) 

As previously mentioned, temperature is another important factor that affects microalgae 

growth. The biomass produced increases with temperature, particularly in the first seven days 

[38]. The optimum temperature range for microalgal growth is usually 20-30 °C. Outside of 

these values, the cells can be damaged [7]. High concentrations of CO2 also increase biomass 

production, depending on the type of microalgae [23]. The CO2 dissolved in water is inversely 

proportional to the pH value since the high values of pH are caused by inorganic carbon in 

carbonate form [39]. 

Microalgae cultivation also requires an aeration system, which provides them with the CO2 

necessary for the photosynthesis process and pH stabilization. To ensure that cells and nutrients 

are uniformly distributed, the reactor should be gently stirred [40]. 

As mentioned above, based on their metabolism, microalgae can be grouped into four 

categories: photoautrophic, (chemo) heterotrophic, mixotrophic and photoheterotrophic [41]. 
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3.1. Photoautotrophic metabolism  

Almost all microalgae species can grow in this mode since they can use inorganic carbon and 

light (sunlight or artificial) to obtain chemical energy via photosynthesis [41, 42]. 

Photoautotrophic cultivation is the most widely used microalgae cultivation mode. The lipid 

content of microalgae is one of the most important properties that enable their use for oil 

production. However, there are large differences in the lipid content between species, which 

may vary from 5 % to 68 %. Usually, the lipids retained in the cells depend on the nitrogen 

content, and if nitrogen is used in lipid production, the biomass of the culture is reduced. Hence, 

the lipid content is a key factor for potential industrial application. In the case of Chlorella sp., 

production can reach 179 mg. L-1. D-1 of lipids in photoautotrophic mode, the maximum value 

described in the literature [42]. 

3.2. Heterotrophic metabolism 

Heterotrophic metabolism does not involve photosynthesis for producing organic compounds 

but transforms organic carbon directly into other organic compounds useful for microalgal 

growth. In this case, organic carbon is used simultaneously as source of energy and carbon. The 

main advantage is that heterotrophic microalgae can grow quickly in the absence of light to 

reach high biomass concentrations. 

Heterotrophic cultivation is more cost-effective and easier to scale-up than photoautotrophic 

mode since the cultivation conditions are simple. They even allow different industrial process 

such as wastewater treatment and biofuel production to be combined [17, 29]. 

The lipid content of many species of microalgae, such as Chlorella protothecoides, increases 

by up to 40 % when cultivated in heterotrophic rather than phototrophic conditions [19, 42]. 

Many research works have demonstrated the benefits of heterotrophic cultivation compared 

with photoautotrophic processes, in both open ponds and closed photobioreactors [19]. 
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3.3. Mixotrophic metabolism 

Mixotrophic metabolism, which can be phototrophic, heterotrophic or both, uses carbon dioxide 

and organic compounds as carbon source to produce microalgal biomass via photosynthesis. 

The growth of Spirulina sp. was investigated in photoautotrophic, heterotrophic and 

mixotrophic cultures. The highest growth rate was achieved under mixotrophic conditions (light 

intensity > 30 W.m-2
carhode and glucose concentration >0.5 g.L-1) in a photobioreactor operating 

in batch mode [18]. The biomass produced was 5 times higher than in phototrophic cultivation 

and 2.3 times higher than in heterotrophic cultures [43]. Mixotrophic microalgae have many 

advantages over those with another type of metabolism since they do not present dark 

respiration-related problems, which have a negative effect on biomass production, and besides, 

the consumption of organic elements is lower.  

3.4. Photoheterotrophic metabolism 

Photoheterotrophy nutrition is the combination of heterotrophy and phototrophy. 

Microorganisms based on this mode use the light as energy source and organic matter as carbon 

source [41]. There are no notable differences between photoheterotrophic and mixotrophic 

nutrition modes, which are only different in the source of energy used [15]. Photoheterotrophic 

cultivation needs light as the energy source, whereas mixotrophic cultivation can use organic 

substances [42]. 

4. MICROALGAE CULTURE SYSTEMS 

Microalgae cultivation systems can be divided into open and closed devices: open-air ponds or 

closed photobioreactors (PBRs). The selection of an appropriate cultivation system is crucial 

for growing microalgae and depends on the microalgae strain in question, the cost of land, the 

final product, the source of CO2 and the nutrients required [44]. Most strains of microalgae can 

be grown in photobioreactors, whereas the culture in open ponds is suitable only for few types 

of strains [45]. 

4.1. Open systems 

Raceway ponds are shallow ponds that consist of a circuit of parallel channels where 

microalgae, water and nutrients circulate propelled by a paddle wheel to prevent the 
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sedimentation [46]. As they must be exposed to sunlight, the ponds should have a depth of 

between 0.2 and 0.5 m to improve sunlight diffusion, which decreases as the depth increases. 

The CO2 in the atmosphere is continuously in contact with pond surface, where it is captured 

by the microalgae and used as carbon source, enabling them to grow. The microalgae are 

harvested at the end of the circuit, as can be seen in Figure 1 [14,15, 17, 19].  

Open systems have many advantages including simplicity; moreover, the construction, 

operating and production costs are lower compared with other systems. Another important 

advantage of open systems is that they can work with high amounts of CO2 [17].However, they 

are exposed to weather fluctuations, which may cause evaporation when temperatures are high 

or dilute the existing biomass when it rains [38]. Furthermore, microalgae can be contaminated 

by external species. Cell density in these devices is low and the harvesting process expensive 

[15, 29]. Generally, raceway ponds vary from 10 to 100 m in length, 1 to 10 m in width and 

0.25–0.30 m in depth. Their area can be approximately 0.5 ha or larger [47, 48]. Much progress 

has been made to reduce the energy consumed by the paddle wheel and to avoid dead zones 

[48]. 

 

 

Figure 1: Scheme of a raceway pond for microalgae cultivation. 
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4.2. Closed systems: Photobioreactors 

Photobioreactors are systems that allow an even distribution of light through the whole culture. 

They usually consist of transparent tubes made of glass or plastic [49]. Photobioreactors (Fig 

2) were developed to overcome some of the problems related to open systems. They allow better 

control of important parameters such as nutrient concentration, temperature, dissolved CO2 and 

pH, among others. Moreover, they avoid contamination by other species. These devices can be 

classified into different groups depending on their shape, the following being most commonly 

used: i) tubular; ii) flat plate; iii) vertical or horizontal column photobioreator [19, 49, 50, 51]. 

Although tubular and flat plate systems have been scaled-up, none has reached high production 

rates [31]. 

Most laboratory-scale photobioreactors use artificial sources of light such as fluorescent lamps 

to supply the light needed by microalgae. This obviously increases the operation costs of the 

process [42]. The use of artificial light reduces the sustainability of these devices since they still 

depend on fossil fuels. However, this drawback could be overcome using the bioenergy 

generated by the microalgae in other devices [52].  

Some research works have compared different types of photobioreactors and have suggested 

improvements for classic tubular and flat plate designs. These include the development of novel 

designs such as hybrid systems, which combine open ponds and photobioreactors, or floating 

photobioreactors, which can operate in water rather than on land [46]. 

The main tool for optimizing microalgae production is the design of photobioreactors. They 

should maintain the ideal condition for microalgae growth avoiding the saturation of the system. 

The dimension of photobioreactors is a key factor for their design. The maximum length (L) of 

a continuous run tube is showed in following equation [53]: 

 

       (c) 

Where:  
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L:   Straight tube length (m) 

UL:   Superficial liquid velocity in the tube (m.s−1) 

RO2:   Volumetric rate of oxygen generation (mol O2 m
−3.s−1) 

[O2]in:  Dissolved oxygen concentration at entrance of solar tube (mol.l−1) 

[O2]out:  Dissolved oxygen concentration at the outlet of the solar tube (mol.l−1) 

 

During the design process, the amount of carbon dioxide should also be taken into 

consideration. Carbon dioxide capture in the photobioreactor and microalgae productivity can 

be estimated following the equation (d) [53, 54, 55]. 

   (d) 

Where: 

W CO2in : Mole fraction CO2entrance (mol CO2.mol total-1) 

W CO2out:  Mole fractionCO2 outlet (mol CO2 .mol total-1) 

Fin   :  Molar flow rate, entrance gas (mol.h-1) 

Fout   :  Molar flow rate, outlet gas (mol.h-1) 

WX/C      :  Carbon content of biomass (mol . kg biomass-1) 

RxV       :  Rate of algal biomass production kg biomass.h-1 

 

The use of photobioreactors has many advantages that have been reported in the literature [15, 

17, 22, 37, 46, 56, 57]. They are suitable for outdoor cultivation, have a wide light exposure 

surface and produce high amount of biomass. They also reduce the contamination risk and 
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facilitate control. However, photobioreactors have several limitations such as the output capital 

required and the high operating costs. They are complex systems that need to avoid oxygen 

accumulation, biofouling and cell damage by shear stress. Moreover, the selection of bioreactor 

depends on the strain of microalgae, the place and the space available, and the nature of the 

final product required (see Table IV-1). All this demonstrates that a comparison between 

reactors based on the ratio: maximum productivity/minimum operation costs is not possible 

[46]. 

 

Figure 2:  Scheme of a tubular photobioreactor for microalgae cultivation 

4.3. Genetic engineering of microalgae 

More than 200 microalgae species are used all over the world in many biotechnological 

processes. However, the most promising results have been obtained with strains of microalgae 

genetically modified for the production of pharmaceutical or cosmetic products, and bioenergy., 

For example, the genome of Chlamydomonas reinhardtii was successfully modified in 1989 

[58]. The main purpose of the genetic transformation is to increase the content of lipids in 

microalgae. So far, many methods have been developed to perform the genetic modification. 

Nannochloropsis sp. has been transformed by homologous recombination, achieving a 

maximum efficiency of ~2,500 transformants/μg of DNA using a high electric field. The use of 
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homologous recombination to modify this strain allowed advances in algal functional genomics 

and biotechnology [59]. 

Another type of modification is that made to produce H2. Some species naturally produce 

hydrogen, but others can be genetically altered to do so [60]. The genetic modification of 

microalgae can be performed for different purposes such as the phycoremediation of heavy 

metals. Some research papers have demonstrated that the capacity of genetically modified 

microalgae to fix metals is five times higher than that of the corresponding wild strain 

[61].Other research has focused on transforming phototrophic microalgae into their 

heterotrophic equivalent in order to help overcome some limitations in their cultivation [62]. 

However, some scientists do not expect genetically modified microalgae to survive in natural 

conditions. Moreover, this type of modification involves risks and it is necessary bear in mind 

many engineering and biological considerations to prevent their accidental release into the 

environment [61, 63]. 
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5. MICROALGAE FOR ENERGY PRODUCTION 

5.1. Biodiesel 

Microalgae are increasingly considered as a promising alternative for biodiesel production due 

to their high lipid content, up to 70% [64]. Biodiesel is produced by transesterification of 

triglycerides with methanol in excess (see Fig 3). Other alcohols such as ethanol also can be 

used but they are more expensive than methanol. This reaction produces fatty acid methyl esters 

(FAMEs) and glycerol. To increase the conversion rate and reduce the reaction time, a catalyst 

is usually included in the reaction. The most commonly used are alkalis such as KOH or NaOH, 

in which case the reaction needs 90 min at 60 °C at atmospheric pressure to be completed. 

However, the presence of free fatty acids inhibits this reaction since they react with alkali 

catalysts and saponify, hindering the separation of biodiesel and glycerol. Other types of 

catalyst such as acids or enzymes are also used [52,65].  

 

Fig 3: Transesterification reaction of triglycerides to produce biodiesel. 

Depending on the origin of the triglycerides, biodiesel can be divided into first, second and third 

generation. First generation biodiesel is produced from edible oil such as soybean or palm oil, 

whereas second generation comes from non-edible oils, e.g. karanja or jatropha oil [66, 67]. 

Lastly, third generation biodiesel uses microalgae as feedstock. This last option seems to be the 

most promising alternative to fossil fuel for biofuel production. Microalgae offer many 

advantages over terrestrial crops: i) their biomass productivity is higher and faster; ii) their 
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accumulation of lipids is higher; iii) microalgae can grow on degraded land; iv) microalgae 

capture CO2, which has many environmental benefits [68, 69]. 

According to their origin, microalgae can be divided in two types: freshwater and seawater 

microalgae, the latter being the most sustainable [70]. Nannochloropsis species are marine 

microalgae which grow very fast and their lipids content is very high, properties that make them 

suitable for biodiesel production. Within this species, Nannochloropsis gaditana have drawn 

the attention of many researchers since they have a high calorific capacity. Jazzar et al. 

investigated the production of biodiesel from Nannochloropsis gaditana by direct 

transesterification with methanol under supercritical conditions (no catalysts). They achieved 

the maximum yield of biodiesel (0.48 g.g-1 of lipid) from wet unwashed microalgae at 255-265 

°C and a 50 min reaction time [69]. 

Many research works have compared the oil content in biomass of different types of vegetable 

crops and microalgae, and the biodiesel production yield obtained when used as biodiesel 

source. The results demonstrate that even microalgae with low oil content (30 %) can produce 

more biodiesel than castor oil, whose seeds contain more oil (48 %). In the case of microalgae 

containing 70 % oil, they have been seen to produce as much as 121,104 kg biodiesel/ha year, 

almost 800 times higher than corn crops and require around 160 times less land space to grow 

[15]. There are some microalgae species, such as Schizochytrium sp., that contain up to 77 %dry 

wt of oil, but they are not all suitable to produce biodiesel. However, as mentioned above, they 

could be genetically modified for this purpose [65]. 
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5.2. Bioethanol 

Another renewable biofuel is bioethanol, which can also be classified into three groups: i) First 

generation bioethanol, produced from sugar and starch crops; ii) second generation bioethanol, 

mainly produced from lignocellulosic biomass and iii) third generation bioethanol, based on 

microalgae. So far, the most commonly used feedstock has been sugar cane since the direct 

fermentation of the sugar contained in this type of biomass is the simpliest method for 

producing bioethanol. However, the price of this material is high. Lignocellulosic biomass and 

starch-based wastes have a lower price, but they need to be enzymatically hydrolyzed to 

produce fermentable sugars. An alternative low-cost substrate for bioethanol production are 

microalgae which can accumulate large amounts of carbohydrate biomass, making them ideal 

for generating this type of biofuel [71]. Some species of microalgae, such as Spirulina, 

Chlamydomonas or Chlorella, contain high levels of glycogen starch (more than 50 % dry 

weight), which can be enzymatically converted into glucose for transformation into bioethanol 

[71, 72]. However, other types of pre-treatment have also been used, including acids, alkalis or 

supercritical CO2 [52]. The conversion of glucose into bioethanol and carbon dioxide follows 

the reaction: 

C6H12O6⇒ 2CH3CH2OH + 2CO2(e) 

As long ago as 1997, Hirano et al. investigated the production of bioethanol from more than 

250 microalgae strains. Among these, Chlamydomonas reinhardtii (UTEX2247) was seen to 

have a maximum starch content of 45 %, followed by Chlorella vulgaris (IAM C-534) with 37 

% [73]. 

More recently, microalgae have been used to produce biodiesel and bioethanol simultaneously 

since lipids are extracted before performing the fermentation step. In the case of Chlorococum 

sp., lipids were extracted using supercritical CO2 at 60 °C. After that, Sccharomyces bayanus 

ferment the sugars to bioethanol. In this case, supercritical CO2 acts as double agent extractor 

of lipids and carbohydrates from the cell wall in only one step. This seems to be a promising 

method for large scale production [74]. 

Many research works have confirmed the suitability of microalgae starch for bioethanol 

production. The main advantage is its low consumption of energy compared with biodiesel 
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production, while the yields are similar to those obtained from sugary or lignocellulosic 

substrates. However, the efficiency of bioethanol extraction is low since bioethanol contains 5 

% water, which can hinder the process [52, 62].  

 

Fig 4: Scheme of bioenergy production from microalgae 

5.3. Hydrogen 

Another clean, renewable and sustainable for, of energy is hydrogen. Although the technology 

involved requires the development of new production, storage and utilization methods, it is 

expected that hydrogen will becomes a viable bioenergy source in the near future [76, 77]. 

Despite its limitations, the hydrogen produced by microalgae first became the subject of 

research works in the 1970s [78]. Their genetic, metabolic and enzymatic characteristics mean 

that microalgae can produce biohydrogen from water andsunlight as a photobiological process 

[19]. Depending on the culture conditions (aerobic darkness, anaerobic darkness, etc.), the 

oxidative reaction of starch will be different and the proportion of hydrogen, ethanol, carbon 

dioxide, etc. produced will vary for each species of microalgae [71]. 

Hydrogen can be produced in different ways but the most important are the following: 
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• Direct biophotolysis. This consists of breaking down the water molecule by 

microalgae photosynthesis. This reaction releases electrons, which are transferred by 

photosystem II (PSII) and photosystem I (PSI) to ferredoxin, directly reducing ito 

hydrogen. In general, this process does not need much time [78, 79, 80]. This method 

can be simplified in the following reaction: 

Photosynthesis 

H2O + Solar Energy       ⇒       H2 + ½ O2      (f) 

• Indirect biophotolysis. In this case, hydrogen is produced by several steps. CO2 is 

stored in the form of carbohydrates, which are used as chemical energy to break down 

the water molecule in a photosynthetic reaction. The aim of indirect biophotolysis is 

to temporally separate hydrogen production from oxygen production. This method is 

used by nitrogenase-based systems [81, 82] and it is represented by the following 

reactions: 

 

12H2O + 6CO2 + light energy ⇒ C6H12O6 + O2  (g) 

C6H12O6 + 12H2O + light energy ⇒ 12H2 + 6CO2  (h) 

Hydrogen can also be produced by the dark fermentation and photofermentation of organic 

compounds for use in a wide variety of applications such as fuel cells [83]. Photofermentation 

consists of the transformation of the acids contained in wastewater into H2 and CO2 under 

anaerobic conditions. During dark fermentation, hydrogen is produced from carbohydrates such 

as glucose, starch, arabinose or xylose, by strict anaerobes, e.g. Clostridiaceae family, as well 

as facultative anaerobes, e.g. Enterobactericeae family [84]. Heterocystous cyanobacteria can 

simultaneously produce hydrogen and oxygen. However, a gas separator is required, which 

means additional costs, among other drawbacks, so they are not recommended for hydrogen 

production [78]. Another pathway of hydrogen production from Chlamydomonas has been 

widely investigated, mainly from sulfur-deprived cultures of these green algae. In this case, the 

hydrogen production process is slightly different and also has some limitations to 
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simultaneously produce hydrogen and oxygen [80]. Despite this, Chlamydomonas reinhardtii 

is an excellent hydrogen producer compared to other microalgae. It can achieve, in direct 

biophotolysis mode, more than 22 % of light conversion [78, 85].  

5.4. Methane 

The idea of producing methane from microalgae was first investigated in the early 1950s. At 

the beginning of the energy crisis, the use of microalgae for methane production was seen as a 

green alternative to compete with fossil fuels [47, 50, 86]. 

Methane is produced by anaerobic digestion of microalgae waste after the oil is extracted. This 

residue can also be recycled to manufacture fertilizers (see Fig 4) [7, 17, 47]. Anaerobic 

digestion consists of the conversion of organic matter to methane (55-75 %) and carbon dioxide 

(25-45 %) by anaerobic microorganisms. Due to the low requirements of energy, this method 

seems to be an energetically feasible alternative [30]. The process is represented by the 

following reaction: 

C6H12O6 (aq) ⇒ CH4 (g) + 3CO2 (g) (i) 

Table IV-2 contains a selection of microalgal species which are used to produce methane. Some 

research has suggested that the strains Chlamydomonas reinhardtii, Dunaliella salina, 

Arthrospira platensis and Euglena gracilis give the best methane yield (0.58, 0.5, 0.48 and 0.48 

m3.kg-1, respectively) (see Table IV-2). 

Before using microalgae for methane production, a pre-treatment step is necessary. There are 

four principal types of pre-treatment methods: thermal, mechanical, chemical and biological 

[87]. More recently, in 2016 He et al. developed a new bio pretreatment method, whereby a 

facultative anaerobic bacterium, Bacillus licheniformis, is usedto pre-treat Chlorella sp. In this 

way, methane production was increased from 9.2 to 22.7 % by varying the content of Bacillus 

licheniformis in a range of 0 to 8%v/v [88]. 

The production of methane is affected by several factors such as temperature, pH, organic 

loading rate and hydraulic retention time. The optimization of these parameters allows the 

methane yield to be maximized. Usually a long solid retention time and high organic loading 

rate have a positive on methane yield (see Table IV-2) [75].  
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Table IV-2. Methane production from a selection of microalgal species. 

Microalgal strains 

Methane 

production 

(m3.Kg-1) 

HRT* 

(days) 

OLR** 

VS .L−1 .d−1 

References 

Dunaliella salina 0.5 - - [89] 

Ulva sp. 0.20 8 4.8 [90] 

Euglena gracilis 0.48 - - [89] 

Gracilaria sp. 0.28–0.4 12-16 - [91] 

Chlamydomonas reinhardtii 0.58 - - [89] 

Chlorella vulgaris 

0.24 33 0.97 [87] 

0.32 - - [92] 

Laminaria sp. 0.26–0.28 - - [93] 

Scenedesmus sp. 0.22 3.8 3.23 [94] 

Arthrospira platensis 0.48 - - [89] 

Chlorella sp. 0.41 4.4 - [88] 

Scenedesmus obliquus 0.28 - - [89] 

* Hydraulic retention time; ** Organic loading rate 
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The methane produced by microalgae could be used to generate electricity to run an industrial 

plant (paddle wheels, pumps, etc.), while any excess of energy could be sold to cover the cost 

of biodiesel production. For example, a simultaneous wastewater treatment and methane 

production process is possible in a raceway pond [14, 17]. 

6. MICROALGAE USED IN MFC  

Microbial fuel cells (MFCs) are devices that have the ability to produce energy and treat 

wastewater simultaneously. They use microorganisms to transform the chemical energy of 

organic matter contained in wastewater into electricity. The electrons and protons produced at 

the anode as a result of microbial metabolism flow to the cathode. The electrons travel through 

an external circuit and protons cross a separator, usually a proton exchange membrane. At the 

cathode, the electrons reduce atmospheric oxygen (a reaction usually catalyzed by platinum), 

which is combined with protons to form water [95, 96, 97].  

The first report of electricity production by bacteria was made in 1991, although it was not until 

the beginning of the 1990s that MFCs focused researchers’ attention [98, 99, 100, 101].In recent 

years, many advances have been made in terms of new materials, designs, low cost catalysts or 

substrates. These advances have reduced the final price of MFCs and increased their efficiency, 

which has expanded their application range [95, 102]. 

One of the most promising advances in MFCs is the use of microalgae. Microalgae can be use 

as substrate at the anode to remove nutrients or capture the CO2 generated in the cathode, among 

other possibilities [103, 104, 105]. 

During the last ten years, many research works have focused on integrating microalgae and 

MFCs. In 2009, Powell et al. developed an MFC which contained Saccharomyces cerevisiae in 

the anodic chamber and Chlorella vulgaris in the cathode. The algal culture worked as a suitable 

electron acceptor and used the CO2 generated in the cathode to grow. This configuration 

managed to produce 2.7 mW.m-2
cathode [106]. Furthermore, microalgae can be used as electrons 

donor, or acceptor and donor simultaneously, when they are in both the cathodic and anodic 

chambers. However, a distinction needs to be made between photo microbial fuel cells and 

microalgae-MFCs. Microalgae-MFC can work in dark and in light conditions, whereas photo 

microbial fuel cells can only work with light [107, 108]. 
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Microalgae MFC configurations can be grouped into single chamber, double chambers or 

photosynthetic sediment (see Fig 5). Nevertheless, some of these configurations involve many 

difficulties, such as design and energy sustainability which are important if energy is to be 

produced in a low-cost manner [109]. 

 

Figure 5. Scheme of two microalgae-MFC configurations. 

6.1. Microalgae at the anode 

 Although microalgae can be used as substrate for exoelectrogenic bacteria in the anodic 

chamber of MFCs, fresh microalgal biomass does not always produce a sufficiently high-power 

density [36, 110, 111]. In 2009, Velasquez-Orta et al. compared the degradation of microalgae 

(Chlorella vulgaris) and macroalgae (Ulva lactuca) in a single chamber MFC. When Chlorella 

vulgaris was used as powder feedstock in MFCs it produced 980 mW.m-2
cathode, whereas Ulva 

lactuca generated a power density of 760 mW.m-2
cathode. Despite the power output, they 

concluded that macroalgae were more efficiently degraded [112]. Any byproducts created 

during the microalgae degradation process are almost totally consumed by microorganisms by 

the end of the cycle [110]. 

Spirulina platensis have also been used to produce electricity at the anode of a membrane-free 

MFC under both light and dark conditions. These blue-green microalgae, which have a high 
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content of proteins and vitamins, can undergo photosynthesis during the day and consume the 

glycogen stored during oxidation in darkness. Such devices can produce a power density of 

1.64 mW.m-2
cathode in the dark (almost 10 times higher than during the day) [113]. 

In the case of phosynthetic microbial fuel cells (PMFCs), the source of the light and its intensity 

can affect the photosynthesis process and hence electricity production. Lan et al. investigated 

the influence of both parameters in PMFCs containing Chlamydomonas reinhardtii 

transformation F5, comparing various light intensities (100, 300, 600 and 900 lx) of 

monochromatic blue and red LED lights. They observed that red LED light allows PMFC to 

produce a higher power density (12.95 mW.m-2
cathode) than with blue light. Moreover, the higher 

the light intensity the better the performance of the PMFC [114]. 

The materials used as electrode can also affect the PMFC energy performance. Li et al. 

investigated the influence of several electrode materials such as stainless steel, copper, gold and 

graphite carbon cloth in various sizes in a PMFC with Spirulina platensis. They observed that 

copper electrodes needed the shortest time to reach the maximum OCV value, although this 

material tended to oxidize. Stainless steel electrodes exhibited high internal resistance, which 

hindered electron transfer. The maximum power output (10 mW.m-2
cathode) was obtained with 

graphite carbon cloth as cathode and a gold-coated mesh as anode [115]. 

In 2012, Lakaniemi et al. compared the use as feedstocks in MFCs of two types of microalgae: 

fresh (Chlorella vulgaris) and marine (Dunaliella tertiolecta). They used municipal sewage 

sludge as inoculum in the anode. The maximum power density achieved with Chlorella vulgaris 

was 3 times higher than that obtained using Dunaliella tertiolecta (15 and 5.3 mW.m-2
cathode, 

respectively). The authors also analyzed the potential production of butane, observing that the 

anolyte produced when Chlorella vulgaris were used as substrate contained between 8.7 and 

16 mM of butanol, which was higher than that obtained with Dunaliella tertiolecta [116]. 

More recently, Walter et al. used fresh algal biomass as substrate in a cascade of 9 MFCs, using 

activated sludge combined with Synechococcus leopliensis as anodic inoculum. They achieved 

42 W using continuously algal biomass pre-processed with MFC effluent. However, this system 

was not very stable for longer than 2-4 days due to the limitations of the pre-digester process 

[103]. 
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Finally, in 2016 Salar et al. developed a process to reuse the catholyte generated in terracotta-

based MFCs for pre-digesting microalgae, which were used as substrate in the MFCs. The 

power output achieved was 6 times higher than when using untreated microalgae. This method 

allows the catholyte produced in terracotta-based MFCs to be reused and increases the 

performance of the system when microalgae are used as feedstocks [104]. 

Despite all the research work reported, further work is needed for a better understanding that 

will allow the bioenergy generated by these devices to be increased. 

6.2. Microalgae at the cathode 

In recent years, interest in using phototrophic microorganisms in the cathode of an MFC has 

increased because of their numerous advantages such as oxygen production and ability to 

capture the CO2 generated. Photosynthesis allows phototrophic microorganisms to produce 

oxygen, which is consumed at the cathode, while carbon dioxide is used as carbon source during 

the process [117]. 

Kakarla et al investigated the performance of MFC with a biocathode based on Scenedismus 

obliquus.  Aeration of the oxygen produced by these photoautotrophic algae allows them to 

generate a maximum power density 32% higher (153 mW.m-2
cathode) than that possible with 

mechanical aeration [118]. 

Chlorella vulgaris has already been suggested as a suitable electron acceptor in the cathode of 

MFCs and for simultaneously fixing the CO2 [106]. Wang et al. studied the performance of a 

sediment MFC with biocathode based on Chlorella vulgaris, managing to produce 21 mW.m-

2
cathode with this assembly [119]. Other more complex designs have also been developed. For 

example, Wu et al. built a MFC with a tubular photobioreactor assembly as cathodic chamber, 

again using Chlorella vulgaris to produce oxygen. They reached 21.4 mW.m-2
cathode of 

maximum power output by combining the algae with a catalyst as biocathode, a value 2.8 times 

higher than that obtained by an abiotic cathode [129]. The use of Chlorella vulgaris suspended 

or immobilized in the cathode of an MFC was investigated by Zhou et al., who observed that 

energy production was 88% higher when microalgae were immobilized.  The maximum power 

density obtained was 2.5 W.m-3
anode and the coulombic efficiency was 9.4% [120]. Wang et al. 

designed a novel MFC assembly that discharges the off-gases including CO2 into the cathode 
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chamber for microalgae growth.  Such devices are called microbial carbon capture cells (MCCs) 

and have been seen produced 5.6 W.m-3
anode. The results showed that all the CO2 produced in 

the anode was totally removed in the cathode, while the system treated wastewater and 

produced electricity [121]. In 2014, Cui et al. investigated the use of dead microalgal biomass 

as substrate in the anode and the reuse of the CO2 produced in the anode to grow microalgae in 

the cathode. This assembly managed to generate a maximum power density of 1.9 W.m-2 with 

a Coulombic efficiency of 6.3 % [108]. 

Other authors have focused on the study of the influence of cathode materials on MFC 

performance in devices that include algae-assisted cathodes. Kakarla et al. compared the use of 

a carbon fiber brush and plain carbon paper as material for the biocathode. The results showed 

that a cathode based on carbon fiber brush maximizes both power density (30 mW.m-2
cathode) 

and biomass production [122]. 

Gadja et al. developed the first stack-biotic-MFCs with phosynthetic algae in the cathode. The 

oxygen produced by microalgae supplies enough gas for oxygen reduction [123]. 

Another important factor that affects algae-assisted cathodes is the intensity of the light. Wu et 

al. investigated the influence of different light intensities on photo-microbial fuel cells (photo-

MFCs) with a biocathode containing Desmodesmus sp. A8. They observed that the anode and 

cathode resistances were strongly affected by changes in light intensity, and hence the voltage. 

The results confirmed than when the light intensity is around 3000 lx, the voltage generated 

reaches a plateau [9]. Other researchers have investigated the effect of continuous flow mode 

on the performance of Chlorella vulgaris - assisted cathode MFCs. Gonzalez del Campo et al. 

achieved a higher power output in continuous mode than in sequencing-batch mode [124].  

 Finally, in 2015 Gadja et al. described a full operation cycle including a biotic MFC fed with 

microalgae grown in the cathode, achieving 128 µW. This assembly simultaneously produces 

electricity and biomass (to be used in the process) and can be considered a promising alternative 

for producing electricity from biomass generated in the cathode of MFCs [105]. 
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 6.3. Integrated systems 

These advances have enabled the development of integrated systems for simultaneous 

microalgae growth and energy production. They include the use of algae in both the cathodic 

and anodic chambers of MFCs. In 2015 Gajda et al. [108] presented a full operation cycle 

including a biotic MFC fed with microalgae grown in the cathode, achieving 128 μW of power 

output. This assembly simultaneously produces electricity and biomass (to be employed in the 

process), and is considered as a promising alternative to generate electricity from the biomass 

produced in the cathode of MFCs. 

Other authors have combined the production of different types of biofuel. De Schamphelaire 

and Verstraete [139] developed a closed loop system to transform the sunlight into biogas. The 

assembly consisted of feeding algae contained in a photobioreactor with the CO2 produced by 

a microbial fuel cell. Simultaneously, the algal biomass generated is employed as feedstock in 

an anaerobic tank to produce biogas. The effluent of the anaerobic digestion that still contains 

nutrients is recirculated to the anode of the MFC where they are totally oxidized. Under these 

conditions, the authors reached an algal biomass of 24– 30-ton VS ha−1 year−1 and a biogas 

production of 0.5 N m3 kg−1 algae. 

Powell and Hill [140] integrated the production of biodiesel, bioethanol and bioelectricity in a 

single system. They coupled a photobioreactor to a MFC to grow C. vulgaris (yeast) that 

captures the CO2 produced in the cathode. Simultaneously, the algal biomass obtained is used 

as a feedstock in the anode, which allows the system to produce electricity. On the other hand, 

the high oil content of C. vulgarism makes them suitable for biodiesel production. 

All these integrated systems prove the suitability of the simultaneous production of different 

types of biofuel at low cost and with very low environmental impact. These processes represent 

a significant advance to produce green energy at large scale. 

 



 

 

 

 Microalgae  strains MFC type Anode 
Cathode 

 

Max. 

power density 

( mW.m–2) 
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(%) 

OCV 

(V) 

Operati

ng time 

(h) 

Ref. 
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d
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t 
A

n
o

d
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Scenedesmus 

obliquus 
Double chamber 

Toray carbon  

paper 

Toray carbon 

paper 
102 74 - 150 [110] 

Chlorella 

pyrenoidosa 
Double chamber 

Graphite 

Rod 

Graphite 

Rod 
30.15 - - - [107] 

Spirulina 

platensis 

Double chamber 
Platinum  

electrodes 

Platinum  

electrodes 
6.5 - 0.24 12 [36] 

Duran bottle 

+ beaker 
Gold mesh Carbon cloth 

10 

 
- 0.49 168 [115] 

Chlamydomonas 

reinhardtii 

 

Single Chamber Graphite felt 
Carbon cloth-

coated Pt 
78 - - 96 [125] 

Arthrospira axima 

(Spirulina maxima) 
Double chamber Graphite Graphite 20.5 67 - 1920 [126] 

Chlamydomonas 

reinhardtii 
Double chamber 

Graphite  

electrodes 

Graphite  

electrodes 
12.947 - 0.215 24 [114] 
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transformation F5   

Chlorella vulgaris 

Double chamber Graphite brushes 
Graphite  

brushes 
13 73 ± 3 - 336 [127] 

Double chamber 
Graphite plate  

electrodes 

Graphite plate 

electrodes 
15 18.4 - 480 [116] 

Single chamber 
Graphite fiber 

Brush 

Carbon cloth-

coated Pt 
980 79.6 - 144 [112] 

Dunaliella  

tertiolecta 
Double chamber 

Graphite plate  

electrodes 

Graphite plate 

electrodes 
5.3 16.8 - 480 [116] 

M
ic

ro
a
lg

a
e 

u
se

d
 a

t 
C

a
th

o
d

e
 

 Chlorella vulgaris 

Double chamber Glassy graphite rods 
Glassy graphite 

rods 
2.7 - - 130 [106] 

Double chamber Carbon felt Carbon fiber cloth 8.79 84.8 - 400 [120] 

Single chamber + 

Sediment 
Graphite felt 

Multi-walled 

carbon nanotubes 
38 - - 288 [119] 

Double chamber Toray carbon cloth 
Toray carbon 

cloth 
13.5 80 0.49 600 [128] 
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Table IV-3: Energy production and COD removal by different microalgae strains

Modified MFC + 

Tubular 

photobioreactor 

Carbon felt 
Carbon paper-

coated Pt 
27.5 - - 432 [129] 

Double chamber 
Carbon 

fiber brush 

Carbon 

cloth 
19.45 - 0.8 200 [121] 

Double chamber 
Carbon 

fiber brush 

Carbon 

cloth 
1926 ± 21.4 90 - 480 [108] 

Double chamber Plain graphite Plain graphite 62.7 - - 264 [130] 

Double chamber Toray carbon cloth 
Toray carbon 

cloth 
23.97 75 0.43 - [124] 

Scenedesmus 

obliquus 

Double chamber 
Plain carbon 

 paper 

Carbon fiber 

brush 
30 - 0.52 1008 [122] 

Double chamber 
Plain carbon  

paper 

Carbon paper-

coated Pt 
154 - - 192 [118] 

Desmodesmus sp. A8 Double chamber Plain graphite felt Plain graphite felt 99.09 - - 140 [9] 
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7. CONCLUSIONS AND REMARKS 

The present review describes the current technologies based on microalgae used to produce 

bioenergy and discusses their advantages, limitations and future prospects. Microalgae appear 

to be a solution for many environmental problems. For example, microalgae have been seen to 

be a low-cost biomaterial suitable for producing several types of bioenergy sources such as 

biodiesel, bioethanol, methane or hydrogen. However, the processes to generate these green 

energies still present some limitations such as the need for pre-treatments, which increases their 

price and hinders scaling up, or complex oil extraction methods, which complicates the process.  

On the other hand, microalgae can fix CO2, which will help to reduce greenhouse gas emissions 

and can be used to treat wastewater and generate many types of high value-added products, their 

use in MFCs being one of the most promising applications. This allows us to produce electricity 

and capture CO2 simultaneously. As previously mentioned, microalgae can be used in the anode, 

as substrate, or in the cathode to produce oxygen and fix carbon dioxide. The results show that 

much remains to be done to maximize MFC performance when microalgae are used as 

feedstock, since the levels of power output are still low. However, in the case of microalgae-

assisted cathodes, the results are very promising. Moreover, by fixing the CO2 produced, they 

can generate oxygen to be employed for the oxygen reduction reaction (ORR). In this case, 

energy production rate is higher and besides the algal biomass can be reused to produce other 

types of biofuels. 

Many factors must be considered if microalgae are to be used to produce biofuels.  The correct 

selection of the strain is crucial since, for instance, not all of them contain sufficiently high 

amounts of lipids or carbohydrates to generate biofuels. However, many advances have been 

made in microalgae genetic engineering, leading to increased lipid production rates, and some 

strains previously unable to produce lipids now can do so. Certain species can be used to produce 

different types of biofuels, but the production processes still need to be optimized. The future 

use of microalgae for bioenergy production will depend on advances in genetic engineering, 

which will allow the genes of microalgae species to produce higher yields of biofuel, increase 

the biomass production, reduce the growth time and simplify extraction processes. 
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6.1. General Conclusions 

The environmental and health challenges posed by the population growth, water stress and high 

energy demand has considerably increased the interest of researcher in developing effective, 

efficient, economical and environmentally compatible technologies for bioenergy production, 

and wastewater treatment. 

The goal of the present thesis was to design a microbial fuel cells (MFCs) working in a 

countinous flow that allow effluents to be treated while simultaneously generating electricity, 

offering a two-fold benefit. 

In order to facilitate the commercialization of this technology, reducing the overall cost of the 

devices as well as improving the energy harvesting was one of the challenges of this thesis. Thus 

far, Ion-Liquid-based membranes has shown promising results in gas separation and metal 

extraction. The use of IL-based membranes addresses both challenges by replacing the 

expensive and sometimes low-efficiency commercial membranes. 

MFCs technology was combined with algae as the oxygen supplier. In this case, bacteria degrade 

the organic matter in the anodic chamber while algae grow in the cathodic compartment, 

providing the oxygen necessary for completing the redox reaction on the cathode. This novel 

approach improves the power performance and the wastewater treatment efficiency of MFCs. 

Moreover, the transport of specific compounds from the anode to the cathode might also help 

algae growth, reducing the nutrients added to the cathode chamber. The selective transport of 

nutrients through the membrane allows us to design a more efficient system for both bioenergy 

production and wastewater treatment. The mainoutcomesofthisworkarepresentedbelow: 

The first chapter is a recent bibliographyto the subject ofelectricity production, and wastewater 

treatment. It explains the background information needed to understand the chemistry behind 

microbial fuel cells as new sources of energy with smaller carbon footprints as the subject of 

interest.  
Principle of MFC Electricity Generation and their capacity of Wastewater treatment and COD 

removalare discussed.  

The basis of this first chapter is to provide a general background to separation processes, 

components and material, reactor design investigating the double chamber MFC and single-
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chamber MFC, a more detailed introduction was given at the beginning of each individual 

chapter, concerning the purpose of the research that has been conducted there. 

The second part was dedicated to the operational Factors Affecting MFC Performance, electron 

Transfer Mechanisms; investigation of IL based membrane in transport, Practical Applications 

and Scale-up, and finally resuming the opportunities and Challenges for MFCs in Wastewater 

Treatment. 

The last part entails the study of Microlagae, including its definition, ability to generate 

bioenergy, and treat wastewater, Microlagae for MFCs, and capacity of organic matter removal 

was also investigated in detail. 

In the second chapter, Ionic-liquid based PIMs were tested asseparator in a new horizontal and 

vertical configurations of MFCs fed with wastewater. 

It has been concluded that the effectiveness of treatment is directly dependent to the HRT, pH, 

T° operated in continuous mode, and the highest performance of wastewater treatment was 

reached for the flow of 0.25 ml.min-1. 

For horizontal configuration of MFCs, COD value was found to be higher than the initial value 

after one day of treatment, which proves that an important part of the membrane was dissolved 

in the wastewater. This membrane degradationis mainly attributed to the small distance between 

the tube containing carbon granules and carbon graphite bar, in that case, carbon is precipitated 

in the bottom of reactor result of gravity in direct contact with the membrane.Wastewater is then 

charged by carbon particles due to its contact with carbon granules and PIM.Althoughthe 

membrane was degraded partially, the percentage of many pollutants and heavy metals have 

decrease considerably after only 48 h of treatment.  

In contrary to the horizontal reactor, the vertical one has performed in good conditions in 

different conditions. 

the efficiency of wastewater treatment through the MFC system, the effluent from the reactor 

was examined with regard to, COD (Chemical Oxygen Demand), total P (Phosphorus), TSS 

(Total Suspended Solids), SO4
2- (sulfate), Cl- (Chloride), NO3

- (Nitrate), HPO4
2- (Hydrogen 

phosphate), Fe2+ (Iron) and pH, Total suspended solids, hardness, alkalinity and ion analysis.The 

following parameters were examined for both flows (0.25 ml.min-1and 0.35 ml.min-1). 
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It has been concluded that the wastewater treatment reached the highest performance for the 

flow of 0.25 ml.min-1 

The aim of third chapter is to analyze the transport of nutrients such as CaCl2 and Na2HPO4 

through polymer inclusion membranes based on ammonium-based IL. To the best of the authors’ 

knowledge, the existing literature focuses on this research field is limited or non-existent. The 

results show that polymer inclusion membranes containing [MTOA+][Cl−] are stable towards 

an aqueous solution of the studied nutrients. In the case of CaCl2, it showed the least permeation 

due to its low solubility in the ionic liquid [MTOA+][Cl−]. By contrast, Na2HPO4 was more 

permeable and its permeation increased as the amount of IL in the membrane also increased. 

The results reported in this work could be applied to different fields such as separation and 

purification of salt mixtures. This study would allow the efficient design of a two-chamber 

microbial fuel cell, which involves IL-based membrane technology and algae. The permeation 

values of different nutrients would also allow us to decide whether the nutrients should be added 

in the same chamber that microalgae or in the opposite chamber. Furthermore, the results 

obtained open new fields where polymer ionic liquid membrane might be applied. 

The fourth chapter describes the current technologies based on microalgae used to produce 

bioenergy and discusses their advantages, limitations and future prospects. Microalgae appear 

to be a solution for many environmental problems. For example, microalgae have been seen to 

be a low-cost biomaterial suitable for producing several types of bioenergy sources such as 

biodiesel, bioethanol, methane or hydrogen. However, the processes to generate these green 

energies still present some limitations such as the need for pre-treatments, which increases their 

price and hinders scaling up, or complex oil extraction methods, which complicates the process.  

On the other hand, microalgae can fix CO2, which will help to reduce greenhouse gas emissions 

and can be used to treat wastewater and generate many types of high value-added products, their 

use in MFCs being one of the most promising applications. This allows us to produce electricity 

and capture CO2 simultaneously. As previously mentioned, microalgae can be used in the anode, 

as substrate, or in the cathode to produce oxygen and fix carbon dioxide. The results show that 

much remains to be done to maximize MFC performance when microalgae are used as 

feedstock, since the levels of power output are still low. However, in the case of microalgae-

assisted cathodes, the results are very promising. Moreover, by fixing the CO2 produced, they 
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can generate oxygen to be employed for the oxygen reduction reaction (ORR). In this case, 

energy production rate is higher and besides the algal biomass can be reused to produce other 

types of biofuels. 

Many factors must be considered if microalgae are to be used to produce biofuels.  The correct 

selection of the strain is crucial since, for instance, not all of them contain sufficiently high 

amounts of lipids or carbohydrates to generate biofuels. However, many advances have been 

made in microalgae genetic engineering, leading to increased lipid production rates, and some 

strains previously unable to produce lipids now can do so. Certain species can be used to produce 

different types of biofuels, but the production processes still need to be optimized. The future 

use of microalgae for bioenergy production will depend on advances in genetic engineering, 

which will allow the genes of microalgae species to produce higher yields of biofuel, increase 

the biomass production, reduce the growth time and simplify extraction processes. 
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6.2. Recommendations and future direction  

Based on the results obtained, the following recommendations are made in order to continue 

with this line of research: 

• In order to be able to use MFC for the treatment of wastewater with a high organic load, 

it would be necessary to investigate another way to increase the energy production and 

wastewater treatment performance in the up-flow reactor. To this end, it is proposed to 

control the pH of the anodic compartment by using buffer substances. Another approach 

for the treatment of wastewater with high COD concentration could be to perform the 

start-up and adaptation of the micro-organisms by using wastewater with higher COD 

concentration values. 

• Investigate the treatment of other types of wastewater from the oil industry and the agri-

food sector, where large volumes of wastewater are generated, which is essential and 

increases plant costs. 

• Increase the surface/volume ratio of the microbial fuel cell reactor in order to promote 

the growth of microorganisms by forming a biofilm on the anode electrode. In this way, 

energy losses would be reduced since the electron transfer mechanism in the biofilm is 

direct, while the electron transfer mechanism of the microorganisms in suspension is by 

means of mediators, which means high energy losses. 

• Investigate of new microalgae stains present in the Mediterranean (Moroccan side) in 

MFCs in both cathode and anode chambers 

• Study the membrane degradation in MFCs, and design new types of stable membranes 

to be employed in MFCs.  

• Design and build a Microalgae Microbial Fuel Cell pilot plant in order to study electricity 

production and wastewater treatment on a larger scale. Based on these results, a study of 

the profitability and economic viability of this system can be carried out. 
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