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Abstract— Microbial fuel cells (MFCs) have gained a lot of 

attention in recent years as a mode of converting organic 

waste including low-strength wastewaters and lignocellulosic 

biomass into electricity. Microbial production of electricity 

may become an important form of bioenergy in future 

because MFCs offer the possibility of extracting electric 

current from a wide range of soluble or dissolved complex 

organic wastes and renewable biomass. A large number of 

substrates have been explored as feed. The major substrates 

that have been tried include various kinds of artificial and real 

wastewaters and lignocellulosic biomass. Though the current 

and power yields are relatively low at present, it is expected 

that with improvements in technology and knowledge about 

these unique systems, the amount of electric current (and 

electric power) which can be extracted from these systems 

will increase tremendously providing a sustainable way of 

directly converting lignocellulosic biomass or wastewaters to 

useful energy. This article reviews the various substrates that 

have been explored in MFCs so far, their resulting 

performance, limitations as well as future potential substrates.  
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I. INTRODUCTION 

Microbial fuel cells (MFCs) have emerged in recent years as 

a promising yet challenging technology. In a MFC, 

microorganisms interact with electrodes using electrons, 

which are either removed or supplied through an electrical 

circuit [1]. MFCs are the major type of bio electrochemical 

systems (BESs) which convert biomass spontaneously into 

electricity through the metabolic activity of the 

microorganisms. MFC is considered to be a promising 

sustainable technology to meet increasing energy needs, 

especially using wastewaters as substrates, which can 

generate electricity and accomplish wastewater treatment 

simultaneously, thus may offset the operational costs of 

wastewater treatment plant [4]. The knowledge that bacteria 

can generate electric current was first reported by[3].  

However, the real interest in MFCs has 

tremendously grown in recent years, both in terms of number 

of researchers as well as the applications for these systems. 

Fig. 1A shows that ‘Scopus’ search with keyword ‘‘microbial 

fuel cell” indicates almost 60-fold increase in the number of 

articles published over the last one decade (1998–2008). 

Moreover, the reported electric current output from the MFCs 

has also increased tremendously over the recent years. Fig. 

1B shows the country-wise distribution of MFC researchers, 

the data for which was also drawn from ‘Scopus’. It is evident 

that the inter Over the past years, MFCs as a new source of 

bioenergy have been extensively reviewed. These include 

information on the various terminology and measurements 

used in these systems [6], state of the art information on 

MFCs and recent improvements in MFC technologies [7], 

comparison of MFCs with conventional anaerobic digestion, 

practical implementation of BESs , bio-anode performance in 

BES [9], cathodic limitations in MFCs . The mechanism of 

external electron transfer from two main bacteria in BES 

studies, Geobacter sulfurreducens and Shewanella oneidensis 

was described in great de-tail by [10]. ‘Microbial fuel cells’ 

(is an-other source of comprehensive information on MFCs. 

[11] presented the power densities for MFCs, normalized to 

electrode-projected surface areas reported over the years 

1998–2008. 

However, a comprehensive review on the various 

substrates which have been used and can possibly be used in 

MFCs is still lacking. Substrate is important for any 

biological process as it serves as carbon (nutrient) and energy 

source. 

 

 
Fig. 1: (A) The number of articles on MFCs. The data is 

based on the number of articles mentioning MFC in the 

citation database Scopus in September’ 2015. (B) The 

country-wise distribution in MFC research. The data is 

based on the number of articles mentioning MFC in the 

citation database Scopus in September’ 2015. 

Only the integral composition of the bacterial 

community in the anode biofilm, but also the MFC 

performance including the power density (PD) and 

Coulombic efficiency (CE) [10]. In this article, we have 

reviewed all the substrates that have been used in MFCs so 

far. Besides producing electricity, an objective of these 

systems is also to treat pollutants such as nitrates, sulfide and 

sulfates. Various pollutants that have been treated in these 

systems are also discussed in the forthcoming sections. The 
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other main type of BES is the microbial generating hydrogen 

from acetate and other fermentation end products by 

electrohydrogenesis. However, the substrates used in MECs 

are much lesser in variety than MFCs and therefore have not 

been discussed in this review. 

A. Design and used in MFCs. 

An appropriate design is an important feature in MFCs and 

researchers have come up with several designs of MFCs over 

the years with improved performance [10]. Electrolysis cell 

(MEC) which is a modified MFC for in this, microorganisms 

oxidize organic matter in the anode chamber (anaerobic 

conditions) producing electrons and protons. Electrons 

transfer via the external circuit to the cathode chamber where 

electrons, protons and electron acceptor (mainly oxygen) 

combine to produce water [11]. In a two-chamber set up, the 

anode and cathode compartments are separated by an ion-

selective membrane, allowing proton transfer from anode to 

cathode and preventing oxygen    diffusion to the anode 

chamber. 

B. Substrates used in MFCs 

In MFCs, substrate is regarded as one of the most important 

bio-logical factors affecting electricity generation [13].A 

great variety of substrates can be used in MFCs for electricity 

production ranging from pure compounds to complex 

mixtures of organic matter present in wastewater. So far the 

only objective of the various treatment processes is to remove 

pollutants from waste streams before their safe discharge to 

the environment. In the last century, activated sludge process 

(ASP) has been the mainstay of wastewater treatment. 

However, it is a very energy intensive process and according 

to an estimate, the amount of electricity needed to provide 

oxygen in ASPs in USA is equivalent to almost 2% of the 

total US electricity consumption [14]. At the same time, the 

addition of a second treatment step changes the status of 

several streams generated in the ASP treatment of agro-

industry from ‘‘waste” to ‘‘raw material” which can 

eventually be utilized for the production of specific chemicals 

or energy [15].Moreover, the emphasis of today’s waste 

management is on reuse and recovery of energy, which has 

led to new views on how these streams can be dealt with. 

Table 1 presents a comprehensive list of substrates that have 

been used in MFC studies. It is difficult from literature to 

compare MFC performances, due to different operating 

conditions, surface area and type of electrodes and different 

microorganisms involved. Further, different researchers use 

different units to denote the performance of a MFC. One of 

the most common unit is current density, which is either 

represented as the current generated per unit area of the anode 

surface area (mA/cm2) or current generated per unit volume 

of the cell (mA/m3). In Table 1, for the sake of comparison, 

current density is mentioned in mA/cm2. In the articles where 

the current density was not expressed in mA/cm2, it was 

calculated based on the electrode dimensions and the current 

at maximum power reported. The information of electrodes 

and type of inoculum used is also mentioned. Some of the 

most common substrates and their influence on MFC 

performance are discussed below in detail. 

1) Acetate 

 In most of the MFC studies so far, acetate has been the 

substrate of choice for electricity generation. The 

recalcitrance of many types of wastewater makes them more 

difficult to be utilized as com-pared to acetate. 

 
Fig. 2: (A) Simplified view of a two-chamber MFC with 

possible modes of electron transfer is shown. (1) Direct 

electron transfer (via outer membrane cytochromes); (2) 

electron transfer through mediators; and (3) electron transfer 

through nanowires. (B) Single-chamber MFC with open air 

cathode 

Acetate is a simple substrate and it is extensively 

used as carbon source to induce electroactive bacteria [12]. In 

order to benchmark new MFC components, reactor designs 

or operational conditions, acetate is commonly used as a 

substrate because of its inertness towards alternative 

microbial conversions (fermentations and methanogenesis) at 

room temperature [13]. Further, acetate is the end product of 

several metabolic pathways for higher order carbon sources 

(including the Entner–Doudoroff pathway for glucose 

metabolism) [14]. 

Using a single-chambered MFC, [3] reported that 

the power generated with acetate (506 mW/m2, 800 mg/L) 

was up to 66% higher than that produced with butyrate (305 

mW/m2, 1000 mg/L). Very recently, [16] compared the 

performance of four different substrates in terms of CE and 

power output. Acetate-fed MFC showed the highest CE 

(72.3%), followed by butyrate (43.0%), propionate (36.0%) 

and glucose (15.0%). Also, when acetate was compared with 

a protein-rich wastewater as substrate in MFC, the MFC 

based on acetate-induced consortia achieved more than 2-fold 

maximum electric power, and one half of optimal external 

load resistance compared to the MFC based on consortia 

induced by a protein-rich wastewater [17]. However, the 

protein-rich wastewater being a complex substrate provides 

the possibility of enriching more diverse microbial 

community than acetate. Having a more diverse microbial 

community helps to use various substrates or to convert 

complex organics to simpler compounds such as acetate 

which is used as electron donor for cur-rent production. 

2) Glucose 

Glucose is another commonly used substrate in MFCs. [14] 

reported that the performance of a MFC containing Proteus 

vulgaris depended on the carbon source in the initial medium 

of the microorganism and glucose initiated cells in MFC run 

for a short time period compared with galactose. [18] re- 

ported that a maximum power density of 216 W/m3 was 
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obtained from a glucose fed-batch MFC using 100 mM ferric 

cyanide as cathode oxidant. 

Evaluated the feasibility of anaerobic sludge as fuel 

for electricity generation in MFC and compared it with 

glucose. In a baffle-chamber membrane-less MFC, anaerobic 

sludge added very limited substrate and a limited power (0.3 

mW/m2) could be generated. However, with glucose in the 

same system, a maxi-mum power of 161 mW/m2 was 

generated. In another study, the energy conversion efficiency 

(ECE) of acetate and glucose as substrates in MFC was 

compared [12]. The ECE was 42% with acetate, but was only 

3% with glucose which led to a low cur-rent and power 

density as well. In a recent study by [17] glucose-fed MFC 

generated the lowest CE as a result of electron loss by 

competing bacteria, but its relatively diverse bacterial 

structure enabled much wider substrate utilization and the 

greatest PD. The low CE was due to the fact that glucose is a 

fermentable substrate implying its consumption by diverse 

competing metabolisms such as fermentation and 

methanogenesis that cannot produce electricity.  

To explain the much wider substrate specificity of 

the glucose-enriched MFC than the others, [19] proposed the 

presence of a more complex mixed consortium of diverse 

electricigens or their syntrophic bacteria as a result of the 

production of diverse fermentation byproducts during 

glucose degradation. 

3) Lignocellulosic Biomass 

The abundance and renewability of lignocellulosic materials 

from agricultural residues renders them a promising 

feedstock for cost-effective energy production [11]. 

However, lignocellulosic biomass cannot be directly utilized 

by microorgan-isms in MFCs for electricity generation. It has 

to be converted to monosaccharides or other low-molecular-

weight compounds [19]. Biomass were good sources for 

electricity generation in MFCs. When cellulose is used as the 

substrate, electricity generation requires a microbial 

community with both cellulolytic and exoelectrogenic 

activities [20]. 

Electricity generation in MFCs from corn stover 

waste biomass using samples prepared through either neutral 

or acid steam-ex-ploded hydrolysis processes that convert the 

hemicellulose to sol-uble sugars was explored by [19]. 

Maximum PDs using an air-cathode containing a diffusion 

layer and increased solution conductivity (20 mS/cm) were 

371 mW/m2 and 367 mW/m2 for the neutral and acid 

hydrolysates (1000 mg COD/L, 250 X). Very recently, the 

use of raw corn stover as a substrate for electricity generation 

in a single-chambered MFC was demonstrated [20] though 

the power output was much less than that with glucose as 

substrate. 

Type of substrate Concentration Source inoculum 
Current 

density 

Acetate 1 g/L Pre-acclimated bacteria from MFC 0.8 

Arabitol 1220 mg/L Pre-acclimated bacteria from MFC 0.68 

Azo dye with glucose 300 mg/L Mixture of aerobic and anaerobic Sludge 0.09 

Carboxymethyl 

cellulose (CMC) 
1 g/L 

Co-culture of Clostridium cellulolyticum and G. 

Sulfurreducens 

 

0.05 

Cellulose particles 4 g/L Pure culture of Enterobacter Cloacae 0.02 

Corn stover biomass 1 g/L COD Domestic wastewater 0.15 

Cysteine 385 mg/L Sediment sample from 30 cm Depth 0.0186 

Ethanol 10 mM Anaerobic sludge from wastewater plant 0.025 

Farm manure 
3 kg in water 

(20% w/v) 
Self-buildup of anaerobic Environment 0.004 

Furfural 6.8 mM 
Pre-acclimated bacteria from anode of a ferricyanide-cathode 

MFC 
0.17 

Galactitol 1220 mg/L Pre-acclimated bacteria from MFC 0.78 

Glucose 6.7 mM 
Mixed bacterial culture maintained on sodium acetate for 1 

year (Rhodococcus and Paracoccus) 
0.70 

Glucuronic acid 6.7 mM Mixed bacterial culture 1.18 

Lactate 18 mM Pure culture of S. oneidensis MR- 0.005 

Landfill leachate 6000 mg/L Leachate and sludge 0.0004 

Macroalgae, Ulva 

lactuca 

2500 mg/L 

COD 
Primary clarifier overflow of wastewater plant 0.25 

Table 1.1: This article in press as: Pant, D.,et al.Areview of the sunstrates used in microbial fuel cell (MFCs0 for sustainable   

energy production. Bioresour. Technol (2009), doi:10.1016/j.biortech.2009.10.017. 

4) Synthetic wastewater 

Synthetic or chemical wastewater with well-defined 

composition is also used by several researchers as it is easy 

to control in terms of loading strength, pH and conductivity. 

[21] have used synthetic wastewater at different loading rates 

in similar MFC configurations to achieve variable 

performances. 

Several media used for bacterial growth contains 

significant amount of redox mediators, such as cysteine, and 

high strength wastewater contains reduced sulfur species, 

which can work as abiotic electron donor and increase power 

production for a short while [18] thus not representing the 

true performance of the system. This can be avoided by using 

a minimal salt medium with a single electron donor such as 

glucose or acetate. To check the influence of wastewater 

composition on the performance of MFC, [20] fed MFCs with 

two different synthetic wastewaters with the same organic 

pollutants (glucose and peptone) and same organic loading 
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(315 mg/dm3) but with a different ratio of readily/slowly 

biodegradable substrate. The MFC fed with slowly 

biodegradable waste was more efficient in terms of electricity 

production probably due to the production of inter-mediates 

favoring electricity formation. 

5) Brewery wastewater 

Wastewater from breweries has been a favorite among 

researchers as a substrate in MFCs, primarily because of its 

low strength. Besides, it is suitable for electricity generation 

in MFCs due to the food-derived nature of the organic matter 

and the lack of high concentrations of inhibitory substances 

(for example, ammonia in animal wastewaters[10]. Although 

the concentration of brewery wastewater varies, it is typically 

in the range of 3000–5000 mg of COD/L which is 

approximately 10 times more concentrated than domestic 

wastewater [14]. It could also be an ideal substrate for MFCs 

due to its nature of high carbohydrate content and low 

ammonium nitro-gen concentration. Beer brewery 

wastewater treatment using air-cathode MFC was 

investigated by [21] and a maxi-mum PD of 528 mW/m2 was 

achieved when 50 mM phosphate buffer was added to the 

wastewater. In this case the maximum power produced by 

brewery wastewater was lower than that achieved using 

domestic wastewater, when both wastewaters were compared 

at similar strengths. This might be due to differ-ence in 

conductivities of two wastewaters. Diluting the brewery 

wastewater with deionized water decreased the solution 

conductivity from 3.23 mS/cm to 0.12 mS/cm.  

6) Dye wastewater 

Azo dyes constitute the largest chemical class of synthetic 

dyes and are extensively present in effluent from dye-

manufacturing industries and textile industries. Their 

removal from these effluents before discharge is of 

paramount importance as the intense color of these dyes leads 

to severe environmental problems such as obstruction of light 

and oxygen transfer into water bodies which in turn is 

detrimental to aquatic life [19]. Besides, several of these dyes 

are also toxic in nature. Very recently, efforts have been made 

to utilize these dyes as a substrate in MFC leading to color 

removal from such dye-containing wastewaters as well as 

generating electricity [22]. Reported accelerated 

decolorization of active brilliant red X-3B (ABRX3), a model 

azo dye, in a MFC when glucose and confectionary 

wastewater were used as co-substrates. Though higher dye 

concentrations (even up to 1500 mg/L) did not inhibit their 

decolorization; however, electricity generation from glucose 

was affected by higher concentrations of ABRX3 (>300 

mg/L). This was attributed to the competition between azo 

dye and the anode for electrons from carbon sources. Thus, 

simultaneous treatment of azo dye-containing wastewater and 

readily biodegradable organic matter-containing wastewater 

could be achieved by mixing two kinds of wastewater in the 

MFCs, with the advantage of saving both cost and energy, 

however, the system still requires considerable improvements 

in terms of finding appropriate bacterial community that is 

capable of utilizing a mixture of dyes and other simple carbon 

sources in order to make MFCs a realistic solution for this 

kind of wastewater. 

7) Landfill Leachates 

Landfill leachates are heavily polluted landfill effluents with 

a complex composition containing four major groups of 

pollutants: dissolved organic  

Inorganic macro-components, heavy metals, and 

xenobiotic organic compounds [20]. The use of landfill 

effluent in a biological fuel cell for COD removal was first 

reported by [5], though no current production values were 

mentioned.  

An up flow air-cathode MFC generating electricity 

continuously from leachate for 50 h was reported by [8] with 

maximum volumetric power 12.8 W/m3 obtained at a current 

density of 41 A/m3. Recently,[12]demonstrated that it is 

possible to generate electricity and simultaneously treat 

landfill leachate in MFC columns [9]. Operated three MFCs 

fluidically connected in series for simultaneous leachate 

treatment and electricity generation. 

8) Cellulose and Chitin 

Particulate substrates like cellulose and chitin are cheap and 

readily available biopolymeric materials which can be used 

for electricity generation. These renewable substrates also 

form a major component of organic matter in industrial and 

municipal wastewaters [17]. There have been only a few 

studies on use of particulate substrates in MFCs. For direct 

conversion of cellulose to electricity in MFC, the 

microorganism(s) must be able to hydrolyze cellulose 

anaerobically and be electrochemically active, utilizing anode 

as an electron acceptor while oxidizing metabolites of 

cellulose hydrolysis. PD up to 55 mW/m2 using cellulose as 

the substrate and cattle rumen microorganisms as the catalyst 

have been reported [6]. Later,[19]reported a power density of 

153 mW/m2 using carboxymethyl cellulose as substrate. Very 

recently, [9] tested the effect of particle size on maximum 

power, power longevity and CE using different sized chitin 

particles. These authors reported that the maximum PD was 

lower for the largest (0.78 mm) particles (176 mW/m2), with 

the higher PD for the 0.28 mm (272 mW/m2) and 0.46 mm 

(252 mW/m2) particle sizes. Thus, using a solid substrate such 

as cellulose or chitin, the power production is limited due to 

a low rate of hydrolysis of the particulate material. 

9) Sunlight 

Solar energy can serve as an alternative energy source for 

MFC operation [5]. Proposed the concept of a ‘living solar 

cell’ in which the green alga Chlamydomonas reinhardtii 

produces hydrogen photosynthetically which in turn is 

oxidized in situ to produce current.  

Phototrophic MFCs represent an approach to 

convert solar energy into electric energy either through A 

solar powered MFC was described by [24]in which only 

Rhodobacter sphaeroides (fed on succinate) was used as the 

anodic bacterium. The power output (790 mW/m2) in this 

case was dependent on both light and the nature of the 

nitrogen source. The plant MFCs in rice paddy fields have 

been reported to produce electricity by rhizosphere 

populations oxidizing organic carbon delivered to the 

rhizosphere [10]. Similar proof of principle was also 

demonstrated using Reed mannagrass (Glyceria maxima) and 

maximum power of 67 mW/m2 anode surface was achieved 

[23]. An-other type of phototrophic MFC, a photosynthetic 

algal MFC was investigated [6] which produced a maximum 

power of 110 mW/m2 surface area of photobioreactor.  
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10) Inorganic and other substrates 

Apart from these above mentioned substrates, some other 

substrates have also been explored. Electricity generation 

with anodic sulfide oxidation was reported [21] with a PD of 

39 mW/L[18]. reported the effectiveness of electricity 

production with paper recycling plant wastewater using MFC 

and obtained a maximum PD of 672 mW/m2 after amending 

the wastewater with phosphate buffer. However, with 

unamended wastewater, the power output was only 144 

mW/m2 mainly due to low solution conductivity. [7] reported 

the degradation of phenol and current generation in MFC. 

The power generation using phenol as the sole substrate was 

lower than that of glucose and the CE was less than 10% 

indicating a substantial loss. The large amount of wastewater 

produced in integrated biorefineries is also a potential source 

of energy [8]. Recently the use of MFCs to remove the 

fermentation inhibitors in cellulosic biorefineries including 

furfural, 5-hydroxymethylfurfur-al, vanillic acid, 4-

hydroxybenzaldehyde and 4-hydroxyacetophe-none while 

simultaneously producing electricity was demonstrated [10]. 

A combination of a carbon mon-oxide (CO) fermenter and 

MFC as an anaerobic continuous process was also reported 

recently [11]. The CO fermenter was enriched to produce 

acetate which was fed to a MFC to generate electricity. 

Though the conversion yield was quite low, it proved that 

syngas (mainly CO) can be converted to electricity through 

microbial process. 1,2-Dichloro ethane degradation by 

anodophilic bacteria enriched in MFCs was reported by [19]. 

Further, removal of sulfate and thiosulfate in a single-

chamber MFC inoculated with Desulfovibrio desulfuricans 

was investigated [20] and a maximum current production of 

0.115 mA/cm2 was observed. 

II. CURRENT AND POWER OUTPUTS ACHIEVED IN MFCS 

USING DIFFERENT SUBSTRATES 

The production of current in an MFC is directly linked to the 

ability of the bacteria to oxidize a substrate and transfer 

electrons resulting from this oxidation to the anode electrode. 

The current and PD, CE and pollutants removal efficiencies 

differ between the various studies according to the 

experimental conditions (initial wastewater composition, 

concentration, and MFC set up conditions). Table 1 presents 

the current density (mA/cm2) at maximum power density 

(W/m2) achieved using various substrates in MFCs. With 

similar designs of MFC, 506 mW/m2 was produced with ace-

tate [5], but 261 mW/m2 with swine wastewater [7] and 146 

mW/m2 with domestic wastewater [8]. The maximum power 

density produced appears to be related to the complexity of 

the substrate (i.e. single compound versus several 

compounds). [8] Reported that with substrates like peptone 

and meat processing wastewater containing many different 

amino acids and proteins, lower power was produced than 

achieved using single compound like bovine serum albumin 

(BSA). 

The beginning 10 years of research on MFCs have 

resulted in a 10,000-fold increase in the current density 

obtained from MFCs [4]   Similarly, a new axenic strain Rho-

dopseudomonas palustris DX-1, isolated from an MFC 

produced higher power output (2720 mW/m2) than other 

mixed cultures [8]. However, at present the power generated 

by MFCs is low from the view of large-scale wastewater 

treatment. In fact the only MFC type that has been used for 

practical applications is sediment MFCs which harvest power 

from sediment by embedding an anode in sediment and 

connecting it via an electrical circuit to a cathode placed in 

the overlying aerobic seawater, making it feasible to power 

on-site to sensors and telemetry de-vices in remote oceanic 

areas [19]. It is expected that with time, given the continued 

interest and support for this research, the output will reach a 

usable level for other applications as well. 

III. CONCLUSION AND FUTURE PERSPECTIVES 

This review summarizes the various substrates that have been 

used in MFCs for current production as well as waste 

treatment. Yet, the list is by no means exhaustive as newer 

substrates are brought under these systems with improved 

outputs both in terms of power generation as well as waste 

treatment. In the initial years, simple substrates like acetate 

and glucose were commonly used, but in recent years 

researchers are using more unconventional substrates with an 

aim of utilizing waste biomass or treating wastewater on one 

hand and improving MFC output on the other. Bioenergy in 

the form of electricity from renewable and waste bio-mass 

through MFCs have great development potential both in 

terms of energy self-sufficiency as well as reducing 

competition with food production as is the apprehension with 

conventional biofuels. It is hoped that in coming years, with 

the expected improvement in this technology and lower costs, 

more variety of substrates will be used leading to a 

sustainable and economical bioenergy. These improved 

systems will be able to produce energy (electricity/hydrogen) 

from almost any renewable material including wastes and 

plant based biomass. The key conclusions that can be drawn 

are: 

Substrates being used in both MFCs have grown in 

complexity and strength (higher organic loading rate). A 

complex substrate helps in establishing a diverse and 

electrochemically active microbial community in the system 

while a simple substrate is easier to degrade and improves the 

electric and hydrogen output of the system. 

The output of these systems (electric current and 

electric power) is still some way from large-scale 

applications. More technological advancements in terms of 

material, costs and substrates being used are necessary to 

bring these systems at a level where they can be commercially 

exploited. 

Several new substrates hitherto exploited can be 

brought as substrates under the MFC set ups. These may 

include the waste-waters from molasses based distilleries rich 

in organic matter and produced in large volumes, wastewater 

from large number of biorefineries, wastewaters from 

pharmaceutical industry with recalcitrant pollutants, waste 

plant biomass (agriculture residue) which is burnt at this 

moment, etc. 
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