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Preface 
The requirement of environmental sustainability is the need of the present day due to the 

increasing population leading to dependency on available fossil fuels and other such products. Due 

the industrial revolution and increasing of automobiles forcing to much dependency on fossil based 

fuels and products draws much attention to seek alternative sustainable source having less 

environmental impact. Currently, the primary sources of energy are the fossil fuels which are non-

renewable resources. These have been used since long time for the production of fuel, electricity 

and others goods. The depletion of fossil fuels by large consumption of vehicles forces towards the 

search of alternative sources for fuels. Waste biomass can act as the cheapest renewable sources for 

biofuels towards sustainability. Biomass can provide the sustainable production of biofuel by 

utilizing various biotechnological and biochemical tools.  

      The first-generation biofuels which are produced primarily produced from food crops 

such as grains and sugar cane created lot problems as  displacement of food-crops, effects on the 

environment and climate change. Thus criticism of the sustainability of many first-generation 

biofuels has raised and great attention to the potential of second-generation biofuels has evolved 

which consumes waste residues like lignocellulosic residues.  Bioconversion technologies can 

support a solid platform towards  solving energy crisis for future generation utilizing cheapest  and 

largely available biomass reducing environmental pollution  as produced huge amount in fossil fuel 

consumption. Second generation of biofuel has the potential for production of biofuel consuming 

waste residues like lignocellulosic residues and other organic wastes. Having surplus  and easily 

availability, utilization of such wastes materials having main target towards production of biofuel 

by the help of microbial communities possessing major of enzymatic systems towards 

bioconversion technologies can be considered as main rational of this book.The major subject  areas 

are Microbial conversion technologies, Biofuels and Bioenergy, Microbial enzymes, 

Bioremediation, Waste Management, Energy Conversion, Biocatalysis and Enzyme Technology 

and Fermentation Technology.  

The main rational of such book is the application of enormous availability of microbial 

biomass towards solving future global energy crisis. There are many unexplored biocataltyic 

systems and pathways needed for bioconversion of biomass towards future alternative fuel. This  
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book will be a showcase for providing such novel advanced unexplored bioprocess technologies.   

Providing recent information to base a solid research platform on bioenergy generation and efficient 

utilization of microbial biomass, this book spreads valuable information towards research and 

teaching purpose and as a reference for scientists, engineers and scholars engaged in this areas. We 

express our hearty thanks to the members of the Emperyal Publisher for the enthusiastic assistance 

sincere efforts for development of  this book. 
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CHAPTER 1 

MICROBE ASSISTED FUTURE BIOFUEL: AN OUTLINE 
 

Dr. Latika Bhatia 
Department of Microbiology & Bioinformatics, Atal Bihari Vajpayee University, Bilaspur 

 
Abstract 
Last several years have witnessed crop derived biofuels as a major driving force of sustainable 
renewable sources of energy round the globe. This has also been the cause of substantial debate of 
food versus fuel. It has been documented in various national and international reports that price rise 
of food grains is a consequence of its employment for energy production in form of biofuel. 
Lignocellulosic biomass is a striking renewable source for prospect fuel. Cost effective and an 
efficient production of lignocellulosic biofuels demands an advancement in various technological 
aspects associated with its production, that not only incorporates advancements in pretreatment 
strategies but also with employment of engineered feedstock. This chapter critically reviews various 
microbial conversion technologies towards next-generation commercial production of lignocellulosic 
biofuel. Among the various other factors associated if the success of lignocellulosic bioethanol, 
technological advancements in pretreatment as well as sophisticated conversion procedures has 
grabbed the major attention. 

Keywords: Biomass, biofuel, bioethanol, Pseudomonas, microbial fuel cell, biobutanol 
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Introduction 
Past few decades have witnessed the extensive growth of industries and technology round the globe. 
These advancements have generated some serious issues that are grabbing the global concerns towards 
economy and environment. The main cause of these concerns is global warming and exhausting oil 
stocks. There has been a global concern for continuous hike in energy prices. These problems are 
therefore generating new grounds of research for exploring novel renewable sources of energy that are 
economic and environment friendly. Substitution of fossil fuels with biofuel is a vibrant option that is 
not only cost effective but eco-friendly too. When an organic material becomes a source of fuel, the 
fuel derived is known as a biofuel. The organic material can be energy crop, crop residue or a waste 
biomass. Hence the global interest is driven towards exploring more and more renewable sources that 
can be employed for producing biofuels. There are many forms of biofuels viz., bioethanol, 
biobutanol, biopropanol, biogas, biodiesel. By employing microbial fuel cells, energy can also be 
generated via microbial metabolism in form of an electricity. 

There are several benefits associated with the usage of biofuels, that make it an attractive option to 
replace fossil fuels partially or completely. Moreover there are many socio-economic benefits that can 
be manifested for rural development. Bioethanol and biodiesel are two forms of liquid biofuels that 
can be blended with petrol and diesel respectively. Reliance on petroleum demands can be 
substantially curtailed when bioethanol blends with petrol from 5-85%.  Ethanol can suffice the global 
hikes in energy demands along with its potential to curtail the emission of greenhouse gases upto 85% 
(Perlack et al. 2005).  Of all biofuels, ethanol is trusted fuel for a coming time and hence its global 
production has also gained huge success ranging from 14-26 million tons. Ethanol is an oxygenated 
fuel and possesses several unique properties like having high octane value. Performance of ethanol is 
superior as it has potential to run combustion engines at higher compression ratios (Wheals et al. 
1999). All these features make ethanol a trusted alternate fuel for a coming time and therefore is 
produced in substantial scale (about 14-26 million tons) globally.  Petrol can be blended with ethanol 
in various proportions, such as E10, E85, E95, containing 10%, 85% and 95% of ethanol respectively 
or can be used as biofuel in its pure state (E100). When 10% ethanol is blended with petrol it does not 
require any alterations in engine (Balat 2009). Petroleum consumption is substantially curtailed when 
it is blended with ethanol. Moreover, ethanol can safely substitute MTBE which is a lethal 
contaminant in ground water. MTBE is a common additive in gasoline (Wang and Sheu 2000).  
Evaporative emission of ethanol is lower than gasoline due to its lower vapor pressure than that of 
latter’s (Reid vapor pressure of ethanol is 16 KPa and that of petrol is 71 KPa). Use of ethanol curtails 
the frequency and severity of vehicle fires because ethanol is less flammable in air (1.3 to 7.6% v/v) in 
comparison with petrol (3.5 to 19% v/v) (Goldemberg  et al. 1993). Energy density of ethanol is lower 
in comparison to petrol [21.2 and 23.4 MJ/L are the respective lower and higher heating values of 
ethanol, whereas, 30.1 and 34.9 MJ/L is the value for petrol] when used as a neat fuel (McMillan 
1997). 

Looking towards future crisis of energy particularly from fossil fuels, the countries round the goal 
have started taking initiative to frame timeline targets for these issues. India is also moving parallel in 
this direction, and has commenced its National Biofuel Mission in 2003. Ethanol Blended Petrol 
Programme (EBPP) was introduced by Government of India in January 2003 with an idea of merging 
petrol with ethanol. The Ministry of New and Renewable Energy (MNRE) formulated National Policy 
on Biofuels formulated in 2009 advocated the blending diesel and petrol with 20% biofuel by 2017. 
This target would demand 3.4 billion litre bioethanol by 2020 (Basavaraj et al. 2013). 

Molasses generated out of sugarcane is the ultimate source of ethanol production in India. This ethanol 
is sufficient to fulfil the needs of chemical sectors along with its potable use. To achieve the targets set 
by MNRE, sugarcane production have be increased upto 20-23% than that of its prevailing production. 
It is assumed that about10.5 million hectare area will be required to grow 736.5 million tons of 
sugarcane. Diverting this huge area for cultivating a sugar crop would substantially deprive the 
cultivation of other food crops (Shinoj et al. 2011, Ray 2012).  Lignocellulosic biomass along with 
other organic matters can be approached for ethanol production thereby lessening the dependency on 
molasses (Subramanian et al. 2005). 



 

 

3 

Microbial technology for future biofuel by Sarangi and Bhatia 

Food prices will going to rise if the cultivable lands are employed for growing sugarcane or starch rich 
lignocellulosic feedstock, with an intension of producing bioethanol (first generation bioethanol) 
(Uppal 2007, Mitchell 2008). On the contrary, second generation process employs lignocellulosic 
material that has no direct connection with food chain. These material are easy to procure, abundantly 
available and cost effective. Moreover, second generation (2G) bioethanol from lignocellulosic 
biomass is more enviable as biomass is the most copious, evades food and fuel controversy, and is 
carbon neutral.  Husk, shell, peel, straw, stem, stalk, bagasse are few wastes generated out of agro-
industries during milling process of sugarcane or sweet sorghum. As these agro-industries operate 
round the year, the waste generated is enormous and can be procured throughout the year. It has been 
reported that global, production of agricultural wastes reaches 1.4 billion tons annually (Saini et al. 
2015). About 154-185 x 106 tons wheat straw and 317-380 x 106 tons of bagasse is generated per year 
worldwide (Carmen 2009). Enormous amount of sugarcane bagasse (179 metric tons/ year) is 
generated in India, that makes India its second leading producer after Brazil (Kapoor et al. 2006). 
Assuming approximate production of fruits in India at 75 x 106 tons (in 6383x103 ha of land), the 
overall waste generated comes to 25 million tons per year (India Agricultural Research Data Book 
2013). Due to tropical climate of India, the pineapple (Ananas cosmosus) is one of the chief produce in 
the India, but pineapple peelings have no commercial value, and thus discarded leading to waste 
management problems. Substantial amount of waste during the pineapple canning (about 60% 
generated of processed pineapple) (Itelima et al. 2013). India and China together shares 91% of the 
world litchi (Litchi chinensis) production (Jiang et al. 2003). According to a report of National 
Horticulture Board, New Delhi (2005), 429,600 metric tons of litchi from 60,200 ha of land is 
annually produced in India. Peels of sweet orange (Citrus sinensis var mosambi) and A. cosmosus are 
the ideal substrate for production of bioethanol, as these substrates are easily available, doesn’t 
competes with food chain and have high content of cellulose. Peels of C. sinensis var mosambi 
constitute a significant non-edible lignocellulosic biomass, which are generated widely all over India. 

Various biomolecules like carbohydrates and proteins; fibers and minerals are found in these agro-
wastes. These biomolecules are of industrial inclination. It would be beneficial economically and 
environmentally if industries consider reutilizing these waste. The economic feasibility is associated 
with these agrowastes as they are cheaply available, that curtails the cost of production. Moreover, 
these agro-industrial waste contain lethal phenolic compounds, which if released in nature would 
deplete environment. Several value added products can be produced by employing as sorted agro-
forest wastes and the waste generated out of food processing (Pleissner et al. 2017).This approach will 
support the world’s bio-based economy, thereby also resolving the issue of its disposal. 

Biotechnological Implications towards next generation biorefineries 
Microbial biotechnology plays a pivotal role in establishment of sustainable biorefineries. These 
biorefineries provides the efficient platform for socio-economic development of mankind with parallel 
focus on resolving environmental issues (Chandel et al. 2018a). This becomes feasible with 
exploration and valorization of lignocellulosic biomass (LB) thereby imparting sustainability to these 
biorefineries. Many sectors are benefited from biotechnology industry. These include agriculture 
industry, pharmaceutical industries, chemicals industries etc. (Lun et al. 2017).  Technologies, 
applications, and products of microbial biotechnology have benefited human health, animal health, 
industries and environment (Hamedi and Azimi 2013). These benefits and vast horizon of implications 
has made biotechnology industry dynamic and the powerful research areas of 21st century.   
Biorefineries based on lignocellulosic biomass, will be in limelight in twenty-first century where 
biomass will be an imperative benefit as a renewable raw material (Kaur and Sahini 2018). 

Biorefineries plays a pivotal role in substantial advancement of society. Accomplishment of 
biorefineries is strongly dependent on industrial biotechnology (Azkawi et al. 2018). Cellulose, 
hemicelluloses and lignin constitute an important pillar of biorefinery dynasty that determine the 
advancement of complete bio-economy (Chandel et al. 2018b). There are many aspects that influences 
the composition of these three components viz. conditions of soil, climate, type of biomass, its 
cultivation and genetic origin (Philippini et al. 2017). 
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Lignocellulosic biomass: untapped source for future biofuels 
Lignocellulosic biomass is the generally predominant organic matter on this planet and have a massive 
usage when converted into many varieties of biomaterials, chemicals, food/feed and fuels (Pathak et 
al. 2017). LB constitute of broad spectrum of agro-residues viz. sugarcane bagasse, fruit peels, rice 
husk, sugarcane straw, corn stover, rice straw, wheat straw etc. This band broadens when forestry 
waste, fruit and vegetable waste, etc. are included (Sataria and Karimia 2018). Capacious development 
and advancement of agricultural industries leads to the generation of huge amount (millions of tons) of 
agro-forest waste like rice straw, eucalyptus, SCB, corncob etc. annually (Momayez et al. 2017). 
These lignocellulosic material can be efficiently converted to a huge variety of value-added products 
like biofuels, enzymes, food, and various biochemicals (Chandel et al.  2018b). LB supply as cost 
effective raw materials for these important products. LB are ubiquitous source of renewable energy 
and hence can potentially effect the sustainability matrix: economics, employment, environmental and 
policy matters directly (Goel and Wati 2016). LB is presently an unmapped reservoir of simple sugars 
trapped in cellulose, hemicelluloses and lignin. 

 
Figure 1- Technological options for efficient fuel production from plant biomass 

Bioenergy is biologically derived energy (Rubin 2008). Microorganisms consumes organic substrates, 
utilizes them in their metabolic processes, thereby generating useful products, which can be further 
used as fuel to produce bioenergy. Enzyme digestion plays an important role in bioethanol production 
by releasing sugars from stored starches, which in latter stages are fermented again by a potential 
microbe to generate ethanol (Prema et al. 2015). Growth of soil microbial heterotrophs is supported by 
their efficiencies to undergo enzymatic lignocellulose hydrolysis, which is also an important process 
for carbon cycling terrestrially. Moreover this process plays an important role in plant–microbe 
interactions and converts lignocellulosic matter to products having carbon framework. Variety of 
glycoside hydrolases (GHs) are involved in enzymatic hydrolysis of complex lignocellulose. GH 
family includes cellulases, hemicellulases, pectin degrading enzymes, lignin degrading enzymes. 
Likewise 130+ Glycoside hydrolases families have been explored (Lombard et al. 2014), out of which 
40 are cellulolytic that can potentially achieve high efficiency in cellulose hydrolysis with well-
coordinated synergy for bioethanol development (Liu et al. 2015). Basic technology and main steps 
involved in production of bioethanol has been illustrated in figure 1. 
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Cereals    Plant tubers            Sugarcane     Sugar beet                Plant Biomass         Agro by-products

Sugar

Thermal pretreatment      Raw juice        molasses               Lignin

Cellulose and hemicellulose
Liquefacation Fermentation            

Saccharification Acid hydrolysis

Distillation

Filtration                          Hydrolysed starch                   Bioethanol
 

Figure 2- Basic technology and main steps involved in production of bioethanol 

Microorganism secretes the cellulolytic enzymes into the medium. These enzymes are also associated 
to the outer surface of microorganisms capable of degrading cellulose. The enzymology of cellulose 
degradation is documented in several reviews (Bhatia et al. 2012). The important factors for biofuel 
production are substrates, microbe selected and production processes. Pseudomonas aeruginosa are an 
important source of exo-glycosidases (Kumar and Kumar 2017). Stubbs and co-workers (2008) 
developed a well versed strategy of   probe profiling of exo-glycosidases in Pseudomonas aeruginosa. 
They did this by designing tag-free variants of a probe and phosphine-FLAG and alkyne-biotin as post 
labeling reporter tags. 

These microorganisms have potential to convert five carbon sugars such as xylose present 
hemicelluloses into biomass or bioproducts. This conversion is mediated bytwo pathways. At the 
initial part of metabolism, D-xylulose is formed from D-xylose. This step is mediated by action of 
xylose reductase (XR) and xylitol dehydrogenase (XD) or xylose isomerase (XI). Phosphorylation of 
D-xylulose takes place with the aid of xylulokinase forming xylulose 5-Posphate. Xylulose 5-Posphate 
is utilized in glycolysis pathway to form metabolites such as glyceraldehyde 3-Posphate and fructose 
6-Posphate. Latter, these compounds can be transformed to pyruvate by the glycolytic pathway 
(Jeffries 2006). Pentose sugar assimilation generates key compound pyruvate, whereas biomass and 
bioproducts can be generated by different pathways (Antunes et al. 2014) 

Lipase is a crucial industrial enzyme. Important sources of lipase are  animals, plants, and 
microorganisms (Houde et al. 2004). However microbes are the source of commercial lipase.  Lipase 
is a valuable tool for pollution control along with its use in various industries like bioenergy, food, 
beverage, oil etc. (Liu et al. 2017). Pyrolysis, microemulsification and transesterification are three 
important processing methods that supports  the formation of biofuels from vegetable oils. The 
transesterification (ethanolysis or methanolysis) of vegetable oils is the most popular method that 
results in the biodiesel production (Escobar-Nino et al. 2014). Along with hydrolysis and 
esterification, lipases show variety of transesterification. Among hydrolysis and transesterification 
activity of lipase, former is most studied. It is presumed that the transesterification activity of 
resembles with the catalytic activity of serine-protease. Ser–His–Asp/Glu is a common catalytic triad 
shared by both these enzymes (Ribeiro et al. 2011). Table 1 depicts the two-component regulatory 
system regulates the expression of bacterial lipase 
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Pseudomonas species Two-component 
regulatory system 

Remark Reference 

Pseudomonas alcaligenes LipQ-LipR (lipQ/R) Direct regulation Krzeslak et al. 
(2008) 

Pseudomonas aeruginosa CbrA-CbrB (cbrA/B)  Krzeslak et al. 
(2008) 

Pseudomonas protegensPf-5 GacS-GacA mediates lipA expression via 
rsmE rather than rsmA5 

Rosenau and 
Jaeger (2000) 

Pseudomonas protegens Pf-5 las, rhl regulate the expression of the 
lipase quorum-sensing (QS) 

system. 

 

Exploration of new microorganisms showing lipase activity can create new options for synthetic 
processes thereby creating new feasibility to resolve environment related problems (Liu et al. 2017). 

Current Trends in Biofuel and Bioenergy Production 
First report of a native resistance-nodulation-cell division (RND) type efflux pump acting on short-
chain alcohols was presented by Basler et al. (2018). Alcohols of short chains are vital category of 
next-vogue biofuels. It is presumed that P. putida will prove itself as a decisive organism for biofuels, 
as it is catabolically diverse, has accomplished metabolism and elaborated resilient power to assorted 
lethal materials (Udaondo et al. 2012). TtgABC efflux pump is a terrific mechanism for curtailing 
toxicity and enhancing productivity. TtgABC is the first indigenous efflux pump known for its 
operation on multiple short-chain alcohols. Its restrained expression can be employed to boost cell 
endurance and enhance biofuels yield. Peudomonas putida possesses features like adaptable 
metabolism, immense innate resilience to noxious objects, and various utilization of its metabolic 
engineering, researchers recommend this organism as a distinguished organism for the high-output 
yield of next-trend biofuels. When the biosynthetic pathway from C. acetobutylicum is imposed in P. 
putida, later gains the potentiality to produce n-butanol (Nielsen et al. 2009). As P. putida also 
possesses the capacity to degrade n-butanol, it becomes vital to knock out the analogous genes to 
enhance n-butanol production (Cuenca et al. 2016). The strain can be employed for biofuels 
production directly from lignocellulosic biomass, as it has been genetically modified for aromatic 
compounds formation from lignin (Johnson and Beckham 2015). Moreover the engineered strain of P. 
putida can grow under anaerobic conditions, further employed in two-phase liquid extraction systems 
(Schmitz et al. 2015), aiding the formation and downstreaming of toxic apolar compounds in 
fermenters (Basler et al. 2018) 

Pseudomonas putida gains attention as a promising and potential organism for ethanol formation at an 
industrial scale as it possesses important characteristics such as [i] native elaborated protection to 
various stressors which includes numerous solvents [ii] susceptibility to genetic modification, [iii] 
competence to develop speedily on uncomplicated substances, and [iv] KT2440 are accomplished as 
GRAS (i.e., generally recognized as safe)   (Martins et al. 2004). Characteristics like stress resistance 
and catalytic robustness plays an important role in biochemical productions (e.g., biofuels) as these are 
the stressors (Nikel et al. 2012, Poblete-Castro et al. 2012, Nikel et al. 2013). 

Prema et al (2015) researched on production of biofuel using waste papers from Pseudomonas 
aeruginosa. The complicated cellulose structure (main constituent of paper) was lysed into simple 
fermentable sugar. As a result, about 40% fermentable sugar was obtained after hydrolysis. 
Pseudomonas aeruginosa converted starch of waste paper substrate into simple fermentable sugar. 
Yield of this microbial hydrolysis was 45%. The saccharification is followed by simultaneous 
fermentation of sugars to ethanol. Organisms such as Clostridium and Pseudomonas are employed to 
produce alternative biochemicals (Sanford et al. 2016). About 55% and 63% fermentable sugar was 
generated respectively from 20g of waste papers and maize substrate that yielded 0.86 litres of 95% 
ethanol. This process not only relieves the environment of pollution because of waste paper, but also 
paves a way for economic ethanol fuel production (Valdivia et al. 2016). Selectivity over 60% of 
biofuel was yielded by strains related to Pseudomonas, Acinetobacter, Enterobacter, Bacillus, and 
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Terribacillus. Pseudomonas veronii (AE2B 30, AE2B 29, AE2B 222), Pseudomonas extremaustral are 
nearby related to them (Lopez et al. 2009, Escobar- Nino et al. 2014). 

Genera like Pseudomonas, Enterobacter and Bacillus are reported to efficiently expresses 
transesterification activity. Pseudomonas fluorescens, P. cepacia, Rhizomucor miehei possesses 
enzymes, supporting transesterification activity (Escobar- Nino et al 2014). Using coconut oil (Cocos 
nucifera) and ethanol, Roman et al. (2017) produced ethyl esters, employing chitosan entrapped lipase 
produced by Pseudomonas fluorescens. 

Growing energy crops is associated with intensive usage of fertilizers and pesticides, which results in 
negative impacts on environment. Microalga is one of the competent organism in biofuel production 
as it provides immense biomass productivity, tremendous aggregation of lipid, huge sequestration of 
CO2, ability thrive in wastewater and requirement of low plowable land for its cultivation (Cheah et al. 
2016a). Consortia of bacteria like plant growth-promoting bacteria (PGPB), Pseudomonas sp., 
Azospirillum sp., Bacillus sp., Rhodococcus sp., Acinetobacter sp. found in activated sludge are found 
effective support and flourish growth of microalgae (Cea et al. 2015). This can be mediated by two 
means viz. combining of microalgae and bacteria cultivation in single process, or pretreating 
wastewater with bacteria before going for microalgae farming in isolated processes. Pretreating 
wastewater with bacteria provide more supportive situations for growth of microalgae. Cheah et al. 
(2018) suggested bioaugmentation by blending Pseudomonas sp. into the treatment system to optimal 
most favourable proportion to accomplish efficient palm oil mill effluent (POME) remediation and 
high yields of biolipid. 

Pseudomonas putida strains are robust enough to utilize efficiently a wide diversity of sources of 
carbon ranging from aliphatic to aromatic hydrocarbons. Currently, P. putida has been modified to 
utilize the lignin. Presently, lignin are source for generating process heat and electricity (Elmore et al. 
2017). Lignin can be depolymerized chemically and/or biologically with the aid of Pseudomonas 
putida species that are aromatic-consuming bacteria having potential to covert lignin into valuable 
chemicals (Vardon et al. 2015). Bacterial ligninolytic systems as compared to fungal system, are more 
specific in action. Aeromonas, Acinetobacter, Flavobacterium, Pseudomonas, Paenibacillus, Bacillus, 
Rhodococcus, Nocardia (Sa´nchez et al. 2011) are known to have lignin-degrading species (Chandel et 
al. 2013) 

P. putida is proven to be a powerful biocatalyst after getting engineered supporting formation of broad 
spectrum of compounds, like polyketides, non-ribosomal peptides, rhamnolipids, and aromatic and 
non-aromatic (Loeschcke and Thies 2015).The strain of P. putida can be modified with the help of 
availability of enormous genetic tools (Martínez and de Lorenzo  2012).  Many strains of 
Pseudomonas possesses the potential to efficiently utilize numerous industrial products and solvents as 
sole source of carbon. Moreover it can also tolerate high amount of lethal aromatic compounds (Basler 
et al. 2018). 

There are many electrochemically active bacteria (EAB) which act as microbial fuel cells (MFCs). 
These cells possesses extracellular electron transport (EET) mechanism that helps transport of 
electron. Thus, these organisms can produce electricity from various energy sources and can be 
employed to produce bioenergy from natural waste products (Lovley 2008). 

When microbes start metabolizing organic matter of media inside an anaerobic anode chamber, they 
generate the free electrons and protons. Electrons travels though the electron transport chain, releasing 
energy which supports microbial survival, thereby achieving metabolism. These electrons reaches 
external terminal electron acceptors (resistor) towards the cathode through several EET mechanisms, 
thereby generating voltage (Xing et al. 2013). There is aerobic cathode chamber where protons gets 
diffused simultaneously via the selective proton exchange membrane. Water molecules are produced 
in this chamber due to reduction of oxygen by electrons and protons thereby completing the charge 
balance. This technology has proven itself as one of the best method to undergo bioremediation and 
power generation together (Wang et al. 2014a). Undergoing chemical modification of the insulating 
interface junction across Escherichia coli cellular membrane (Hou et al. 2013) and genetic engineering 
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of Pseudomonas aeruginosa elevated endogenous secretion of pyocyanin mediators (Wang et al. 
2013), thereby enhancing the power output in these MFCs. Utilizing human urine as a source of 
energy (Ieropoulos et al. 2013) small-scale stacked MFCs can power mobile devices. Performance of 
MFCs can be further enhanced by employing EET processes for better understanding of microbial 
species interactions. This is a promising strategy (Wang et al. 2014a). 

Earlier studies have revealed that Pseudomonas sp. are prominent members of microbial population 
named as microbial fuel cell (MFC). These bacteria produces phenazine-based mediators are produced 
by these bacteria that relocate electrons to the electrode. Brevibacillus sp. PTH1 is found along with 
Pseudomonas sp. in a acetate fed MFC. Pseudomonas sp. CMR12a produces significant amount of 
phenazine-1-carboxamide (PCN) and biosurfactants in anode of MFCs. When this anodic supernatant 
(Cell free) replaced the anodic aqueous part of Brevibacillus containing MFCs, there was a significant 
improvement in generation of electricity, which was lacking when MFCs executed with only the 
Brevibacillus strain in their anodes. Pseudomonas sp. CMR12a_Reg, is a regulatory mutant that lacks 
the ability to synthesize PCN. Supernatants of this mutant dint show the above improvement effect. 
When rhamnolipids was used as biosurfactants  at the concentration of 1 mg per Liter, along with 
purified PCN, this combination enhanced generation of electricity by Brevibacillus sp. PTH1. 
Brevibacillus oxidize acetate with concomitant reduction of ferric iron, supplied as goethite (FeOOH) 
thereby achieving transfer of electron transfer extracellularly. This effect was missing when PCN was 
added alone. Possibilities indicates that, this bacterial synergy is a prominent mechanism in the anodic 
electron transfer of a MFC, aiding Brevibacillus sp. PTH1 to acquire its supremacy (Pham et al. 2008). 

Various types of bio-alcohols can be generated through biomass fermentation. Chief among them are 
bioethanol, biobutanol (or  biogasoline), and propanol. Aerobic and anaerobic micro-organisms are 
employed in this process. Currently, bioethanol and biobutanol are mostly produced alcohol fuels. 
These fuels can substitute gasoline totally or proportionately in any ratio (Amelio et al. 2016). Several 
stages are involved in the process of  bioconversion of LB to ethanol or butanol that includes the 
feedstock pretreatment, enzymatic hydrolysis, fermentation, and products recovery (Verardi et al. 
2015).  Propanol or isopropyl alcohol are often employed as solvents other than as alcohol fuel. 
Fermentative  Metabolism of Escherichia coli generates these alcohols from carbohydrates (Ibrahim 
2013). 

Few microorganisms such as Neurospora, Monilia, Paecilomyces and Fusarium has the potential of 
directly converting cellulose to ethanol through simultaneous saccharification and fermentation (SSF) 
(Singh et al. 2017). Consolidated bioprocessing (CBP) features enzyme production, enzyme hydrolysis 
and fermentation in a single step, and is an alternative method with exceptional prospective (Byadgi 
and Kalburgi 2016). The recombinant strain of E. coli with the genes from Z. Mobilis has potential to 
convert pyruvate into ethanol (Olson et al. 2015).Latest reports are available on exploration of new 
xylanases (GH10-XA) and α-glucuronidase (GH67-GA) from Alicyclobacillus and 
Caldicellulosiruptor (GH67-GC) (Cobucci-Ponzano et al. 2015). Similarly, recent years have also 
witnessed the advancement in cellulase and hemicellulase (Dumon et al. 2012, Behera and Ray 2016). 
Engineered strains also constitute a part of recent advancements towards cost effective approach of 
biofuel production via consolidated bioprocessing. This is manifested by the insertion of cellulolytic 
and/or hemicellulolytic potential in a natural ethanologenic strain (Amore and Faraco 2012). Concept 
of consolidated bioprocessing is promising even though its actual yield is comparatively lower than 
the process of producing bioethanol via fermentation on lignocelluloses hydrolysates. Saccharomyces 
cerevisiae and Clostridium beijerinckii are the known producers of ethanol and butanol production, 
respectively, utilizing monomeric sugars (glucose and xylose)(Nanda et al. 2014). Investigation is in 
its momentum for exploring process intensification employing pervaporation system in order to 
eliminate the produced alcohol constantly and enhance the yield (Amelio et al. 2016). 

Solid-state fermentation technology employs the microbial growth on moist solid substrates for 
producing high value-added products. This technology is an expanding approach for commercial 
production of many enzymes. This technology has grabbed enormous attention as it is a better than 
submerged fermentation which employs free flowing water. Other researchers investigated that 
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lignocellulosic sugars were rapidly bioconverted into ethanol employing high cell density 
fermentations (Sarks et al. 2014). 

Conclusion 
Biofuels holds can immense potential to substitute petroleum based fuels completely or partially, 
thereby supporting economy and environment. Prevailing infrastructure give sufficient space to 
successfully incorporate biomass based biofuels as a transportation fuel. In order to avoid the debate 
between food vs fuel, second generation biofuels are mostly approached as compared to first 
generation biofuels. Strategies based on the utilization of ubiquitous biomass feedstocks and 
particularly non-edible lignocellulosic biomass would be more sustainable. A thriving lignocellulosic 
biorefinery can be comprehended by synergising various technologies and biomass processing 
approaches for the supportive production of various fuel and chemical products. Advancement of 
microbial technology is a viable option to address many issues related with commercialization of 
biofuel and other value added products in a coming time. 
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Abstract 
Production of bioethanol is a multistep process in which step of pretreatment of lignocellulosic 
biomass is pivotal. Several strategies are now available for pretreating biomass. Pretreatment process 
can either be physical, chemical, physicochemical or biological. Merits and demerits are associated 
with each of the pretreatment approach. Enzymatic saccharification becomes easier and efficient once 
the biomass is pretreated. Alteration in structure of pretreated biomass allows easier accession 
towards their enzymatic hydrolysis thereby enhancing the yield of bioethanol. Various novel 
approaches of pretreatment like supercritical fluid pretreatment, hydrodynamic cavitation are 
discussed in this chapter along with conventional approaches like acid, alkali, wet oxidation, ionic 
liquid, ammonia recycle percolation and steam explosion. 

Keywords: Steam explosion, crystallinity, supercritical fluid pretreatment, hydrodynamic cavitation, 
enzymatic hydrolysis, biological pretreatments, supercritical CO2 (scCO2) 
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Introduction 
World rely upon fossil fuels as the primary source of energy. Rapid civilization, unprecedented 
industrialization, continued spurt in population growth and ever expanding economy are the factors 
behind the hike in worldwide need of energy demand and depletion of natural energy sources globally 
(Pathak and Chandel 2017). It is presumed that consumption of fossil fuel is predicted to hike from 15 
TW in 2012, to two times or three times the bulk in 2050 and 2100, mutually on global level (Cheah et 
al. 2018). It is presumed that in coming years this planet will face the extreme challenges in form of 
shortage of fossil fuels along with rise in global warming and pollution. To circumvent these 
challenges, it is high time to explore the potential of renewable source of energies like solar, wind, 
hydro, tidal and biomass globally (Pathak and Chandel 2017). These novel alternative sources will not 
be only sustainable but will be cost effective too. There are another big reasons to undergo massive 
scale substitution of petroleum based fuels, and that are energy security, concomitant hikes in prices of 
crude oil and unavoidable changes in climate (Goel and Wati 2016) 

Many countries are taking the initiative to address various issues of hike in global energy demand and 
consumption (Cortes- Tolalpa et al. 2016). European Union is all set to use renewable sources of 
energy to reduce the need on  imports of energy and enhance inventory guarantee (Cucchiella et al. 
2014). Recent research has diverted their attention towards the generation of energy resources that are 
not only alternative but eco-friendly too (Waghmare et al. 2018). Exploration of sustainable fuel 
sources and essential chemicals from bio- resources is on the move (Elmore et al 2017).  Fossil fuel is 
presumed to be substituted by biomass-based renewable energy by 10–50% in 2030 (Cucchiella et al. 
2014). 

There are various forms of bioenergies. Biofuel is one of them. It is a product of microbial activity on 
agricultural waste products, making it one of the potential source of alternate energy (Wang et al. 
2014). Precious biochemicals are the outcome of various efforts made to alter microorganisms, by 
plugging-in and -out genes required for their production. Profit generated as an outcome of these 
artificial biological tools and efforts is synthesis of biofuel (Bhatia and Johri 2017). Priorities have 
been diverted towards enhancing biofuel production from renewable lignocellulosic biomaterial, to 
address the pivotal issues of hike in global demand for energy and environmental threats in form of 
global warming synergized with fossil fuels combustion (Liu et al. 2015). 

Biofuels are form of bioenergy that are biologically produced from bio-organic matter. Biofuels can be 
solid, liquid or gaseous. Based on the sources from where they are derived, biofuels can be classified 
into 3 categories: (1) Biofuels of natural origin, (2) Primary biofuels, and (3) Secondary biofuels. 
Landfill gas, animal waste, and vegetables are the organic sources of natural biofuels.  Heating, 
cooking, electricity production, or brick furnace employs fuelwoods that are primary biofuels. 
Bioethanol, biobutanol, biodiesel, biohydrogen are the examples of secondary biofuels, that are the 
outcome of biomass processing. Secondary biofuels can be of first generation or second generation. 
Food crops and oil seeds are the source of first generation biofuels. Several factors restrict the 
production of first generation biofuels. Chief among them are food security issues, climate change 
mitigation and usage of fertile lands for fuel production. Therefore, focus has shifted towards utilizing 
nonfood feedstocks like agro-waste (rice husk, groundnut shell etc.), forest waste, wood processing 
residues, non edible parts of sugarbeet, sugarcane, corn, etc. for the producing of second generation 
(2G) biofuels, which gives no competition to human food chain (Pathak and Chandel 2017). Till date 
ethanol has gathered maximum attention amongst the all biofuels and its consumption comprises more 
than 90% of the complete bioalcohols in the US (Reginatto and Antonia 2015). 

Broad Overview of Pretreatment 
Chapter 2 has discussed in detail about various steps involved in ethanol production. Varieties of 
lignocellulosic biomass (LB) explored for ethanol production have been mentioned. Huge availability 
of these biomasses is available in nature globally, acting as a potent alternative of energy source. 
Concept of biorefinery exists as a result of broad spectrum of biofuels, biochemical and biomaterials 
produced in a sustainable manner from these biomasses. Complex LB cannot be directly fermented to 
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ethanol by microorganisms, and hence demands a suitable pretreatment strategy which aids in 
hydrolysis of lignocelluloses into fermentable sugars. 

There is a significant involvement of microbe and/or their enzyme systems in ethanol production. 
Natural recalcitrance of lignocellulosic biomass creates hurdles for microbes and/or their enzyme 
systems to convert cellulosic and/or hemicellulosic sugars to ethanol via fermentation. This problem 
can be substantially solved by pretreating the LB, that not only accelerated the hydrolysis but also 
enhances the product yield. Physical and chemical barriers are removed once the pretreatment is done. 
These barriers were initially responsible for recalcitrance and inaccessibility towards enzymatic 
hydrolysis. During pretreatment, hemicelluloses and/or lignin gets solubilized thereby making 
cellulose accessible for enzymatic hydrolysis (Jönsson and Martin 2016). Accessibility of cellulolytic 
enzymes enhances after pretreatment as an outcome of alteration in pore size of biomass and reduction 
of cellulose crystallinity. As the accessibility of enzymes gets quicker and easier, this involves less 
quantity of enzymes and therefore less cost input to manifest hydrolysis of pretreated biomass as 
compared to unpretreated biomass (Dawson and Boopathy 2007). Pretreatment also supports 
upgradation of biodegradable material (Yang and Wyman 2008). As it is depicted in figure 1, 
pretreatment is mostly the first step for producing second generation sugars, which will later produce 
second generation ethanol from lignocellulosic biomass and starch-based feedstock 

 
Figure 1- Basic technology and main steps for bioethanol production from lignocellulosic biomass and 

starch-based feedstock 



 

 

18 

Microbial technology for future biofuel by Sarangi and Bhatia 

Several factors have been explored that plays a pivotal role in the development of ideal cost-efficient 
and energy-efficient pretreatment procedure (Maurya et al. 2015). There are many pretreatment 
strategies established to elevate the reactivity of cellulose and to improve production of fermentable 
sugars. Important aims of pretreatment embrace: 

i. Enhancing sugar production during enzyme hydrolysis of highly digestible solids produced post 
pretreatment. 

ii. Prevention of degradation of sugars like pentoses and other sugars obtained from hemicelluloses. 

iii. Curtailing the formation of inhibitors for the smooth conduction of subsequent fermentation 
steps. 

iv. Lignin recovery so that it can get converted into valuable coproducts. 

v. Involving reactors of moderate size so that during operation minimized heat and power is 
required, thereby making the process cost effective (Yang and Wyman 2008). 

Pretreatment has to face major challenges to accomplish above aims. These challenges includes: 

i. establishment of an accomplished technology that serves the purpose of achieving significant 
volume of  pretreated biomass material irrespective of the raw material employed, 

ii. achieving cost effective and eco-friendly methods that are able to perform best under ambient 
conditions 

iii. reducing the initial investments, by employing cost effective construction material like steel 
alloys that can tolerate acid or base and 

iv. involvement of less corrosive chemicals (Valdivia et al. 2016). 

Many forms of technological processes are now available that supports in pretreatment of LB. Chief 
among these technological processes include chemical, physical and biological processes. Some of 
these technologies have been successfully employed at commercial level, whereas few of the others 
are still being experimented at lab scale. 

Different pretreatment approaches lead to alterations to morphology and composition of biomass 
leading to reduction in its recalcitrance. For instance, biomass that has undergone steam explosion 
pretreatment has a disorganized structure with loose fibrous network. Cell wall components also gets 
solubilized. These changes allows easy accessibility of cell wall towards cellulase (Auxenfans et al. 
2017). Effective removal of lignin and/or hemicellulose can be gained via chemical pretreatment; 
Terán-Hilares et al. (2017a) gave alkaline pretreatment to sugarcane bagasse prior to its enzymatic 
saccharification. This group treated bagasse with 0.3 M NaOH solution at 70 °C for 4 h that 
effectively removed 45% of lignin along with 49.2% and 57.0% respective digestion of hemicellulose 
and cellulose. This process effectively removed approximately 32.2% hemicellulose along with lignin. 
Mirmohamadsadegh et al. (2016) reported that after Na2CO3 pretreatment, crystallinity hiked about 
25%in corn stover, 21%in switchgrass, and 15% in Miscanthus. Retention of cellulose, partial 
solubilization of hemicelluloses and removal of lignin (40–59%) were the causes for this hike in 
crystallinity respectively. 

Rise in crystallinity is obvious as the amorphous fraction of biomass can be removed with an ease. 
Enzymatic digestibility of cellulose gets enhanced as crystallinity of residual cellulose is lower when 
related to untreated biomass (Driemeier et al. 2011). The development of new technical, process 
optimization and conditions takes many aspects into the consideration. Chief among them includes 
understanding the variable interaction (e.g.:  removal of lignin and increasing of surface area), 
characteristics of biomass and their changes during pretreatment. 

Generally, the crystallinity index (CI) is a popular method to authenticate the changes in crystallinity 
of biomass as a result of its pretreatment.  Effectiveness of this method is been questioned by some 
researchers, as this method cannot differentiate easily the definite crystallinity of the cellulose and 
overall biomass. This limitation was discussed by Driemeier et al. (2011). This group reported that 
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when sugarcane bagasse was pretreated by dilute acid, soda delignification, hydrothermal or steam 
explosion methods, evolution of cellulose crystals took place. It is presumed that non-crystalline 
cellulose is preferentially removed after pretreatment, so crystal-to-cellulose ratio should be high, 
whereas these researchers found that this ration was decreased. Bernardinelli et al. (2015) provided an 
alternative to examine the effects of pretreatment. They demonstrated the application of cross 
polarization by multiple contact periods (Multi-CP) to obtain quantitative 13°C solid-state nuclear 
magnetic resonance (SSNMR) spectra to assess raw and pretreated sugarcane bagasse. This was a 
better and a feasible approach to unfold action of different pretreatments in digestion of cell wall 
altering ultrastructure of cellulose. 

Existing physico-chemical promising approaches for pretreating biomass 
Even though enormous options of biomass pretreatment are available, still the present scenario of its 
industrial implication demands the continuous exploration of novel methods of cost effective 
approaches, as an outcome of which new substitutes have been reported. Some of these approaches are 
described below. 

Broad Overview of Pretreatment 

Existing physico-chemical promising approaches for pretreating biomass 

(1) Physical Pretreatment Approaches 
Physical pretreatments are cost effective and an eco friendly approach of pretreating varieties of 
biomass with limited success. Ball milling and grinding are examples of physical pretreatment. There 
is an enormous possibility in future investigation of these pretreatment approaches, as these 
approaches have been less explored despite of them being cost effective and eco-friendly. 
Amalgamation of chipping, grinding and milling aids in comminution of waste biomass thereby 
reducing cellulose crystallinity. The size of the materials obtained after chipping and milling/grinding 
is typically in the array of 10–30 and 0.2–2 mm, individually. Vibratory ball milling is a better 
approach than conventional ball milling, as the former has been found efficient in enhancing the 
degradability of the biomass feedstocks like spruce and aspen chips, as an outcome of changes in 
cellulose crystallinity (Millet et al. 1976). Mechanical comminution of LB is a power intensive 
process. Requirement of power is decided by the characteristics of LB and the final particle size 
(Cadoche and Lopez 1989). Pyrolysis also supports the pretreatment of LB (Shafizadeh and Bradbury 
1979). Ultrasound is identified as an effective approach of processing the vegetal substances (Vinatoru 
et al. 1999). It was possible to obtain clean cellulose fiber from waste paper when ultrasound was 
employed (Scott and Gerber 1995). Ultrasound aids in saccharification processes (Rolz 1986) along 
with the improvement in extraction of hemicellulose (Ebringerova and Hromadkova 2002), cellulose 
(Pappas et al. 2002) and lignin (Sun and Tomkinson 2002). Need of cellulase was curtailed by one 
third to half when the blended waste office paper was sonicated. Bioethanol production was also 
boosted about 20% as a result of this approach (Wood et al. 1997). The time period involved in 
ultrasonic treatment is inversely proportional to the irradiation power applied (Imai et al. 2004). 

(2) Chemical Pretreatment 
Wide spectrum of acids, alkali and oxidizing agents are involved in chemical pretreatment of 
lignocellulosic biomass. Effect of pretreatment on structural components varies differs, based on the 
type of chemical employed. Removal of lignin becomes effective when pretreatments like Alkaline 
pretreatment, ozonolysis, peroxide and wet oxidation pretreatments are given to the biomass. 
Hemicelluloses solubilization efficiently takes place on dilute acid pretreatment (Antunes et al. 2019). 

2.1 Acid Pretreatment Methods 
Acid pretreatment is one the efficient approach of harvesting high yield of sugars from LB. 
Solubilization of hemicellulosic fraction results in easy accessibility of cellulases towards cellulose. 
Acids can be used in high concentration (72% w/w H2SO4) or in diluted form (0.4–4% w/w H2SO4) at 
elevated temperature (120-200°C). This approach facilitates the digestion of LB efficiently as the 
tough structure of the lignocellulosic material gets damaged. Capital investments and functioning 
cost of this pretreatment method is very high, due to the involvement of high temperature and 
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special reactor metallurgy. However, less enzyme loading is needed during enzymatic saccharification, 
as hemicellulose and cellulose gets partially depolymerized during acidic conditions. And sometimes 
succeeding enzyme assisted hydrolysis stage is infrequently not required as fermentable sugars are 
generated during pretreatment itself (Zhu et al. 2009). Cost of acids along with the necessity to 
detoxify the hydrolysates adds further cost in this strategy of pretreatment. The employment of 
concentrated acid is toxic, hazardous and corrosive thereby involving expensive reactors that are 
corrosion resistant. 

Switchgrass, corn stover, spruce (softwood), and poplar are some lignocellulosic biomasses that have 
been successfully pretreated with dilute H2SO4 (Taherzadeh and Karimi 2008). Though efficient than 
dilute sulfuric acid, concentrated sulfuric acid generates variety of inhibitory substances like furfural 
(Goldstein and Easter 1992). Decreased acid concentrations are required in dilute sulphuric acid 
pretreatment however, requires elevated temperatures and once more lead to furfural development. 

Combination of sulfuric acid with acetic acid directed to 90% saccharification (De Moraes-Rocha et 
al. 2010). Efficiency of Organic acids like maleic acid and fumaric acid to pretreat lignocellulosic 
biomass has also been explored. The formation of furfural is significantly reduced to about three and 
five times as compared to that of dilute H2SO4 pretreatment (Onoghwarite et al. 2016). 

Yu et al. (2019) explored production of ethanol from corn and dilute acid pretreated corn stover (CS) 
as mixed substrates.  Philippini et al. (2017) stated that dilute acid hydrolysis of sugarcane bagasse is 
an efficient approach to solubilize hemicellulose thereby supporting the accessibility of cellulase to the 
remaining cellulignin matrix in the biomass.  This approach could eliminate about 77% of 
hemicelluloses and 58% of lignin. About 80% cellulose found in cellulose rich pulp samples left over. 
This pulp on further enzymatic hydrolysis gave a maximum saccharification yields of  55.39%. 

As mentioned earlier, acid treatment also generates toxic substances that are inhibitory for 
microorganisms towards bioethanol formation. They also effect viability yield of bioethanol  and 
efficiency (Chandel et al. 2007).  Few examples of these toxic substances are furfural, 5-
hydroxymethylfurfural (5-HMF), acetic acid, formic acid and levulinic acids (Parawira and Tekere 
2011). These substances can affect the rate of sugar uptake by microorganism, thereby hindering their 
growth. Role of biological membrane also get disturbed because of these inhibitors (Chandel et al. 
2013). Hence successive strategies should be adopted to detoxify these inhibitory substances. These 
strategies include the use of ion exchange resins or active charcoal. Enzymatic detoxification can be 
manifested utilizing laccase. Overliming with Ca(OH)2 is also an effective approach (Fonseca et al. 
2011). 

Inhibitors generated after pretreatment adversely affect the growth and metabolism of an organism as a 
result of disturbance in functioning of plasma membranes and other biological membranes. Incubation 
time gets prolonged and generation of metabolites also get reduced.  Yield content might remain 
unaltered (Chandel et al. 2013). Recent years have witnessed the employment of various detoxification 
strategies employing enzymes like laccase, use of active charcoal, the ion exchange resins and 
overliming with calcium hydroxide (Fonseca et al. 2011). 

2.2 Alkaline Pretreatment 
Bases that are involved alkaline pretreatment of lignocellulosic pretreatment includes NaOH, KOH, 
Ca(OH)2 as well as NH4OH (Aswathy et al. 2010). Assembly of lignin gets damaged when biomass is 
treated with sodium hydroxide thereby making it easier for cellulase and hemicellulase to act upon 
(Zhao et al. 2008). Use of calcium hydroxide is a better approach over the use of NaOH, as the former 
is cost effective, easily recoverable and safe (Mosier et al. 2005). Some of the effects of alkaline 
pretreatment includes changes in lignin structure, distension of cellulose and limited solvation of 
hemicellulosic materials (Sills and Gossett 2011). Cellulosic material also gets decrystallized to some 
extend (Ibrahim et al. 2011). These effects get manifested due to breakdown of ester and glycosidic 
side chains along with separations of structural relations between lignin and carbohydrates. Internal 
surface area gets increased during this pretreatment along with reduction   in the degree of 
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polymerization and crystallinity. Alkaline pretreatment takes place under mild and ambient physical 
conditions. These conditions make alkaline pretreatment a slow process. 

2.3 Wet Oxidation 
Wet oxidation has been explored to pretreat variety of biomasses that includes wheat straw, corn 
stover, sugarcane bagasse, cassava, peanuts, rye, canola, faba beans, and reed. Sugars like glucose and 
xylose were recovered upon successive enzymatic hydrolysis of these substrates (Ruffell et al. 2010). 
These biomasses get oxidized when dissolved in water during their pretreatment. Water and biomass 
ratio is respectively 1:6. The size of LB is 2 mm as a result of its drying and milling, a practice that 
takes place prior to wet oxidation. Dissolution of hemicellulosic material along with elimination of 
lignin content takes place in this process. Carbon-di-oxide, water and carboxylic acids are formed as a 
result of lignin decomposition during the process. Wet oxidation aids in removal of dense wax 
covering bearing silica (Schmidt  et al. 2002). Bjerre et al. (1996) associated wet oxidation with 
alkaline to hydrolyze wheat straw (20 g straw per liter, 170°C, 5–10 min). In this process 85% 
cellulose got converted to glucose. 

2.4 Ionic liquids (ILs) 
Employment of ILs is evolving as an effective approach for pretreating intractable LB. Ionic liquids 
(ILs) are organic salts with thermal stability. They have substantial application as ‘green solvents’.  
ILs can potentially dissolve polar and non-polar organic, inorganic and polymeric compounds. The 
active dissolution of cellulose and hemicellulose sugars becomes feasible when biomass is pretreated 
with ILs. 

There are many plus points associated with the ionic liquids. They are recyclable, chemically stable, 
non-flammable, non-volatile and thermally stable (up to 400 °C). Ionic liquid can dissolve solutes of 
fluctuating polarity. ILs are also involved in the production of novel chemicals and materials from 
biomass (Yoo et al. 2017). Although IL-mediated pretreatment is an eye catching technology for 
pretreating LB from past few years, its employment on large scale needs to be evaluated yet. Price of 
ILs is the chief barrier, that can be curtailed by in-house synthesis of cheap ILs along with their 
recovery for reprocess. However, efficiency of ILs gradually declines on their subsequent reuse (Liu 
et al. 2017).Ionic liquids can either be aprotic or protic. Examples of aprotic ionic liquids are N, N-
dimethylformamide (DMF), dimethylsulphoxide (DMSO), N, N-dimethylacetamide (DMA), 1,3-
dimethyl-2-imidazolidinone (DMI) and 1-butyl3-methylimidazolium chloride [bmim][Cl]). Examples 
of protic ionic liquids (e.g., pyridinium formate ([Py][For]), pyridinium acetate ([Py][Ac]), pyridinium 
propionate ([Py][Pro]), and triethylammonium hydrogen sulfate [TEA][HSO4]). Aprotic ILs are now a 
days replaced by protic ILs, as the latter is cost effective and easier to produce. Table 1 depicts various 
ionic liquids employed for pretreating for biomass. 

There are disadvantages associated with the use of ILs. The complete dissolution of LB takes place at 
higher temperature (more than 100 °C) with prolonged processing time. This disadvantage can be 
crossed easily by associating ultrasound with ILs process as described by Zhang et al. (2015 a, b). 
Fusarium oxysporum BN is ionic liquid-tolerant fungi that has potential to produce ionic liquid stable 
cellulase. F. oxysporum BN can directly convert IL pretreated rice straw to bioethanol yielding 0.125 g 
ethanol g−1 of rice straw (Xu et al. 2015). 

Table 1- Employment of various ionic liquids for biomass pretreatment 
Ionic Liquid Biomass pretreated Recovery Reference 

Triethylammonium hydrogen 
sulfate [TEA] [HSO4], 

Miscanthus x 
giganteus 

85% of lignin and 100% 
of hemicellulose were 
solubilized along with 
77% glucose recovered 
post enzymatic 
hydrolysis. 
 

Brandt-Talbot 
et al. (2017) 
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1-H-3-imidazolium chloride 
[HMIM Cl] 

corn stover enzymatic hydrolysis of 
the cellulose fraction, 
92.5% of conversion 
yield of cellulose in 
glucose. 
 

Zhang et al. 
(2015a, b) 

Imidazolium based 
([(C3N2)Xn]+) ionic liquid 
(1-butyl-3-
methylimidazolium chloride 
[bmim][Cl]) 

oil palm empty fruit 
bunch 

 Mohtar et al. 
(2017) 

(3) Physicochemical Pretreatment Methods 

3.1 Steam-Explosion 
Steam-explosion pretreatment is a physicochemical approach for the hydrolysis of the assembly of 
lignocellulose biomass (McMillan 1994). Steam explosion is a mild, chemical free, cost effective 
approach to pretreat LB. Water is involved to heat the biomass under pressure followed by a sudden 
decompression of the reaction vessel (Stelte 2013). Temperature involved in this process varies from 
(160–260°C) whereas, pressure varies from 0.69–4.83 MPa. Disruption of lignocelluloses during 
steam explosion opens up the fibers thereby leaving sugar polymers, which are vulnerable to the 
enzymatic attack.  Hemicelluloses degradation and transformation of lignin are also the outcomes of 
steam explosion (Ballesteros et al. 2006). Lower temperature and extended residence time favors this 
process. Absence of chemicals provides protection to reaction vessel from getting corroded thereby 
curtailing the cost input to involve corrosion free metallurgy in this process. Sugar degradation 
products (furfurals) that inhibit the saccharification or fermentation are not generated. Residence time, 
temperature, size of chip and moisture content are some of the crucial aspects that affect steam 
explosion pretreatment (Wright 1998). As compared to other harsh pretreatment approaches, steam 
explosion is less effective approach. Enzymes are required in an enormous amount during 
saccharification process. Softwood and hardwood are less effectively pretreated by this approach as 
they have high lignin content (Yang and Wyman 2008). 

3.2 Liquid Hot Water 
Liquid hot water pretreatment method employs water under higher temperature and pressures so as to 
retain its liquid state. This approach provokes the breakdown of the lignocellulose matrix along with 
separation. In this method, the temperature varies from 160 to 240 °C and the process gets completed 
in few minutes to an hour. Quality of sugar generated is governed by the temperature employed, 
whereas the quantity of sugar production is controlled by the time duration (Yu et al. 2010). This 
approach of pretreating biomass depicts advantages pertaining to price standpoint, as there is no 
involvement of acid catalysts. 

3.3 Ammonia Fiber Explosion (AFEX) 
The ammonia fiber/freeze explosion (AFEX) method is a physicochemical process that allows 
substantial delignification of biomass along with negligible degradation of sugars. However, woody 
biomass residues are less effectively pretreated (Yang and Wyman 2008). AFEX is a cost effective 
less energy intensive physicochemical process of pretreating biomass at moderate temperatures (60–
100°C). Ammonia lignin’s effect is lessened on enzymatic hydrolysis. Lower moisture content and 
moderate conditions make AFEX a beneficial process, which also supports less production of sugar 
degradation products. Moreover, solid material is totally recovered (Mosier 2005). 

This process is analogous to steam explosion pretreatment method, in which liquid anhydrous 
ammonia is employed at elevated pressures and moderate temperatures following rapid 
depressurization (Chundawat et al. 2007). Need of moderate temperature make this pretreatment a cost 
effective approach as it curtails the requirement of energy input but simultaneously makes this process 
less efficient and significant when compared to steam explosion process. Moreover, recycle and 
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treatment of chemicals are cost intensive processes. These are some demerits associated with the 
process. 

3.4 Ammonia Recycle Percolation 
In Ammonia Recycle Percolation (ARP) strategy, 5–15% (wt%) of aqueous ammonia is permissible to 
percolate over a packed bed reactor retaining the LB at a rate of about 5 ml/min. ARP is a improved 
approach than AFEX, as it has potential to remove 75–85% of lignin content and to dissolve 50–60% 
of the hemicellulosic material (Kim and Lee 2005). ARP is able to retain cellulosic material. In this 
process the ammonia can be recycled. Herbaceous biomass (corn stover and switchgrass) has been 
most treated with ARP. Pretreatment of corn stover and switchgrass with ARP results in the removal 
of 60–80 and 65–85% lignin content respectively (Iyer et al. 1996). Ammonia recycle percolation 
(ARP) can be associated with AFEX pretreatment process, a process that has been explored by many 
researchers (Kim and Lee 2005). Jonathan et al. (2017) researched on dilute ammonia pretreatment of 
corn stover. They reported the release of hemicelluloses from carbohydrate–lignin complex. 

3.5 Hydrodynamic cavitation 
The approach of Hydrodynamic cavitation (HC) helps in accelerating chemical reactions (Gogate 
2016). This approach has been explored to pretreat variety of LB like sugarcane bagasse, corn stover, 
and reed with good outcomes (Terán-Hilares et al. 2017a). Efficient removal of lignin along with 
enhancement of pore size of LB are the outcome of this pretreatment method, that leads to an effective 
saccharification of carbohydrate fraction during its enzyme digestion. Other plus points associated 
with HC are that it is less energy intensive process that requires less chemical catalyst (Gogate and 
Pandit 2000). Processing time of HC is also short that makes it an attractive option for scaling up. The 
system involved in HC is simple and can be modified in the continuous process (Terán-Hilares et al. 
2017b). When  microbubbles gets generated, grow and collapse, it give rise to cavitation phenomenon. 
Microbubbles are produced when fluid pressure declines below the solution vapor pressure, tailed by a 
fluid pressure retrieval (Gogate and Pandit 2005). This phenomenon occurs when fluid moves through 
a compression device such as venture tube or orifice plate (Patil et al. 2016). Inside the bubble there 
exist drastic conditions of very high temperature (10000 K) and pressure (1000 atm). Hot spots are 
generated in localized points when high amount of energy is released by bubbles (Saharan et al. 2013). 
Along with these reactions, water molecules are detached in the cavities, ensuing in the formation of 
potential oxidative radicals. Potential oxidative radicals (OH·, H·, HOO·, and O2·) also gets liberated 
in the medium when bubbles collapse (Badve et al. 2014). Oxidation and degradation of lignin takes 
places because of these oxidative radicals. This process results in efficient elimination of lignin 
fraction, thereby supporting substantial enzymatic yields. Mechanical effect of HC is responsible for 
this higher yield. Porosity enhances during HC as an outcome of generation of shockwaves and 
microjets (with high velocities, as 100 m/s) when bubble collapses. This phenomenon degrades the 
organic molecules creating small holes on the biomass surface. As a result, porosity of pretreated 
material increases that subsequently, enhances the availability of enzyme to the cellulosic and 
hemicellulosic fraction (Terán-Hilares et al. 2017a). Density and viscosity of fluid, process 
temperature, chemical catalyst (alkaline, oxidant agents, etc.), particle size, and the system 
conformation (number and diameter of orifices or throat size in tube) are some properties that strongly 
influence cavitation phenomenon and effectiveness of the method (Terán-Hilares et al. 2017b). 

3.6 Supercritical fluid pretreatment 
Supercritical fluid (SF)-based pretreatments is an striking substitute due to its cost effective and eco-
friendly performance (Daza Serna et al. 2016). This approach presents a real feasibility for getting 
applied at large-scale operations. Though this technology has been assessed from some decades, last 
few years have witnessed it as a promising and green technology for pretreating  different  LB  (Liang 
et al. 2017). 

Carbon di oxide is a low cost, non toxic recyclable mostly used supercritical fluid. Critical temperature 
and pressure of CO2 is low viz. 30.95 °C and 1070.37 psi. Disruption of the crystalline structure of 
biomass occurs concurrently with an effective lignin elimination when pretreatment process employs 
supercritical CO2 (scCO2). This approach ameliorates the conversion of cellulose (Liang et al. 2017). 
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This approach is an eco friendly one as the usage of CO2 curtail the impact of greenhouse on the 
atmosphere. Moisture content of biomass plays a crucial role in this pretreatment approach as when 
CO2 combines with water, carbonic acid is produced, which may lead to hydrolysis of hemicellulose. 
The moisture content of rice husk was adjusted at 75% employing water:ethanol mixture as co-solvent 
when it was exposed to  scCO2 pretreatment. Pretreatment took place at 80°C and 270 bar (Daza Serna 
et al. 2016). In these parameters of pretreatment, 90.6% of lignin removal and 55% of enzymatic 
hydrolysis was attained. 

(4) Biological Pretreatment 
There are many microorganisms that have the potential to degrade cellulose, hemicellulose and lignin 
into their constitutive sugars. Prominent among them are bacteria, actinomycetes and fungi. This 
process is operated in mild conditions of temperature (Chandel et al. 2013). These methods are cost 
effective and eco friendly approach of obtaining the goals of pretreatment thereby circumventing 
various challenges faced by other chemical approaches of pretreatment. Various constituents of 
biomass like lignin, cellulose, hemicellulose, and polyphenols gets hydrolyzed /degraded during 
biological pretreatment (Sindhu et al. 2016). Glucose, arabinose, xylose, etc.  are the mono sugars that 
gets generated as a result of bacterial and fungal hydrolysis of cellulose and hemicellulose. Prominent 
fungi involved in this task are brown, white, and soft-rot fungi with an efficiency to degrade lignin and 
hemicellulose. White-rot fungi is potentially superior then other fungi involved. Biological 
pretreatment needs no acids, alkali or any reactive species. 

Monomeric sugars like glucose, arabinose, xylose, etc. are liberated when cellulose and hemicellulose 
gets hydrolyzed by the action of various species of bacteria and fungi. Selective degradation of lignin 
and hemicelluloses occurs by the action of brown, white, and soft-rot fungi, among which white-rot 
fungi is highly efficient. Biological pretreatments occur in ambient conditions of temperature and 
pressure and is thus different from methods of physical and chemical pretreatment. Moreover, 
biological pretreatments require no acid, alkali or reactive species. The main plus point of biological 
methods is that this method is less energy intensive and capable being performed at mild conditions 
(Akhtar et al. 2016). The only demerit associated with biological pretreatment process is the low rate 
of hydrolysis. Microorganisms have potential to degrade lignin, hemicellulose, cellulose and 
carbohydrates by the virtue of the enzymes (lignocellulosic enzymes) secreted by them and hence it is 
the need of an hour to explore such microorganisms with a potential to degrade cell wall (Kubicek 
et al. 2014). Table 2 illustrates various microorganisms and their enzymes that are involved in 
biological pretreatment. 

Many researchers have explored variety of microorganisms from variety of habitats for their potential 
to explore lignocellulosic enzymes. For example Aspergillus sydowii strain MS-19 was isolated by 
Cong et al. (2017) from Antarctic region showing substantial activity of cell wall degradation. 
Trichoderma reesei (Saloheimo et al. 2002), Neurospora crassa (Tian et al. 2009) and Rhizopus oryzae 
(Lara-Marquez et al. 2011) are some fungi that were successfully exploited. Important bacteria 
associated with biological pretreatment are Pseudomonas aeruginosa, P. stutzeri, Streptomyces badius, 
S. setonii, Rhodococcus ruber, Comamonas acidovorans, Clostridium thermocellum, Butyrivibrio 
fibrisolvens, etc. Table 3 illustrates various examples of microorganisms that can degrade different 
fractions of lignocellulosic biomass. 

Table 2- Microorganisms and their enzymes involved in biological pretreatment. 
Microorganism Plant 

attacked 
Lignocellulosic 

component 
degrades 

Microbial enzymes Reference 

Bacillus subtilis 
strain 168 

 pectin and 
polygalacturonan 

 Ochiai et al. 
(2007) 

Pectobacterium, 
Klebsiella, 
Serratia, 

Enterobacter, 

soft rot of 
orchid 

 pectate lyase, 
polygalacturonase, 

cellulase, and 
protease 

Joko et al. 
(2014) 
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Citrobacter, 
Providencia, and 
Pseudomonas, 
Macrophomina 

phaseolina 
  pectinases, 

cellulases, 
hemicellulases, and 

laccase 

Ramos et al. 
(2016) 

Alternaria, i.e., A. 
alternata, A. 
macrospora 
MKP2, A. 

macrospora 
MKP4, Alternaria 

sp. PMK1, and 
Alternaria sp. 

PMK2 

leaves of 
Parthenium 

plant 

degradation of 
polymers available 
in the host plants’ 

cell wall 

cellulase, laccase 
and lignin 
peroxidase 

Kaur and 
Aggarwal 

(2017) 

Phanerochaete 
chrysosporium, 

Ceriporia lacerata, 
Cyathus 

stercolerus, 
Ceriporiopsis 

subvermispora, 
Pycnoporus 

cinnarbarinus, 
Pleurotus ostreaus 

and P. 
chrysosporium 

  lignin-degrading 
enzymes i.e., lignin 

peroxidases and 
manganese-
dependent 

peroxidases 

Chandel 
et al. (2013) 

Phlebiaradiata, P. 
floridensis and 

Daedalea flavida 
etc. are other 

basidiomycetes 
that 

wheat straw hydrolyze lignin  Yang and 
Wyman 
(2008) 

Ceriporiopsis 
subvermispora 

various wood 
species. 

hydrolyze lignin manganese peroxide 
as well as laccase 

Yang and 
Wyman 
(2008) 

Table 3- Examples of various microorganisms degrading different fractions of lignocellulosic 
biomass (Akhtar et al. 2016) 

Lignin degrading fungi Phanerochaete chrysosporium, Pycnoporus cinnabarinus, Phlebia 
spp., Echinodontium taxodii, Irpexlacteus and Pycnoporus 
sanguineus 

Carbohydrate degrading 
fungi 

Ceriporiopsis subvermispora, Phlebiabrevispora, P. floridensis, P. 
radiata, Echinodontium taxodii, Gonoderma sp., Oxysporus sp., 
Trametes versicolor, Pleurotussajor-caju and Trichoderma  reesei 

Cellulosic material 
degrading fungi 

Serpula lacrymans, Coniophora puteana, Meruli poria incrassata, 
Laetoporus sulphureus, and Gleophyllum trabeum 

Lignocellulosic biomasses 
degrading bacteria 

Bacillus circulans and Sphingomonas paucimobilis, Cellulomonas, 
Zymomonas spp., Bacillus macerans, Cellulomonas cartae, and C. 
uda 
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Abstract 
With the hike in global energy utilization and expected looming deficits of crude oil, there is an 
extensive and prompt enthusiasm in developing alternative bioenergy authorities. In contemporary 
years, the transport fuels based on biomass have become an imperative cynosure for regions wanting 
to enhance the sustainability. Our lives have witnessed an inescapable impact of biotechnology.  
Processes of generation of biofuels are some of the well publicized impacts of biotechnology. Petro-
economy can be transitioned into bioeconomy on producing biofuels that can potentially replace 
petrochemicals and gasoline. This process becomes efficient when lignocellulosic waste is taken into 
the consideration. The lignocellulosic waste has been considered main feedstock for bioenergy 
production. The breakdown of biomass is a vital process for the fabrication of target products utilizing 
microorganisms and their enzymes. The biotechnological implementation and computational tools are 
continuously making remarkable impact to overcome the critical issues of process engineering. The 
unmet call for of cost diminution is progressing towards efficient pretreatment process of biomass, 
recombinant genetic engineering for the bacterial upgradation. Besides, nanotechnological based 
technologies could manifest a crucial part in deciding the economic viability of 2G sugar production 
in a coming time. 

Keywords: Biomass, enzymatic hydrolysis, oligosaccharides, 2G ethanol, recalcitrance, β-
glucosidase, consolidated bioprocessing 
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Introduction 
Production of renewable fuels and chemicals from biomass has gathered an immense research interest 
in past few decades as a matter of fact that global demand for energy has boosted along with various 
issues like economical, environmental and political (Aditiya et al. 2016). A great interest goes towards 
the generation of 2G ethanol as it has the potential to remodel economy based on fossil energy to 
bioeconomy. ™Web of Science a scientific database has a collection of about 3500–8000 documents 
that were published in form of books, book chapters original articles, reviews, proceeding papers 
between the years 2014 to 2018 (Thomson Reuters 2019).These publications were uniform in an 
aspect that they had ethanol as a keyword beside with terms like “cellulose” or “biomass”. This data 
revel an interest of scientific community towards ethanol knowing its importance. 

There are many reasons due to which natural sources of energy have been depleted globally. Chief 
among them are huge industrialization along with escalation in population (Wang et al. 2014). 
Extensive use of fossil fuels has depleted environment in many ways. Combustion of these fuels has 
caused global warming due to gigantic liberation of greenhouse gases (Cheah et al. 2018). This will be 
a never-ending process as it has been presumed that global need for fossil fuel is likely to get hiked 
from 15 TW in 2012, to the double or tripled the amount till the year 2050 and 2100, respectively at 
global level (Villar et al. 2011). Figure 1 depicts world energy consumption by various sectors for 
different time period. Hence, the time demands an exploration of a better approach to solve this global 
issue with an alternative that is not only sustainable but eco-friendly too. 

 
Figure 1- World energy consumption by various sectors for different time period (Adapted and 

modified from IEO 2017, an open source article) 
Biomass has a huge potential to suffice global energy requirements. Residues of forest, agricultural, 
and other derivatives are some of the promising biomass to be considered for this aspect. There are 
countries that lead the world for their particular agricultural crop productivity and therefore there by-
products too. Countries like Brazil, US and China are global leaders in their respective production of 
sugarcane, corn and rice. These countries harness the potential of the by products of these crops to 
generate 2G ethanol (Table 1). 

Table 1 Producers of some potential crops employed for second-generation ethanol production 
(Antunes et al. 2019) 

Biomass Main producer/crop season Production Year References 
Sugarcane Brazil (635 MT) 2018/2019 Conab (2019) 

Corn United States (370.961 MT) 2018 NCGA (2018) 
Sorghum United States (9 MT) 2018/2019 USDA (2019) 

Rice China (148 MT) 2018/2019 USDA (2019) 
Wheat European union (137.6 MT) 2018/2019 USDA (2019) 

*MT- millions of tons 
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Brazil is a global leader of sugarcane production. About 635.51 MT; sugarcane is produced in the 
season of 2018/2019 with a 0.4% hike as compared to yield accessed in the season of 2017/2018 
(Conab 2019). Brazil produces 90 MT of bagasse (by-product) annually from its sugar and alcohol 
industry, if we assume that 140 kg of bagasse gets generated per ton of sugarcane. About 90% of this 
amount goes to industries to suffice their need for steam and energy. Remaining 10% of this mass is 
procured by 2G biorefinery for producing ethanol or other valuable products (Carpio and Souza 2017). 
In a coming time global demand for ethanol is expected to get boosted, as a matter of fact that 
bioethanol is a promising substitutive of fossil fuels. Moreover, world has witnessed several 
agreements (like Paris agreement) focusing on curtailing the emission of greenhouse gases to combat 
climate change. These agreements and worldwide search for a sustainable renewable alternative to 
fossil fuels have emerged new dimensions in research towards 2G ethanol production. 

Production of 2G ethanol is a three-stage process including pretreatment, enzymatic hydrolysis, and 
fermentation. Pretreatment enhances the efficiency of subsequent enzyme mediated hydrolysis of 
cellulose by modifying the configuration and composition of lignocellulosic biomass (LB) (Zabed 
et al. 2016). 

Fermentable sugars are obtained during enzymatic hydrolysis of carbohydrate-rich portion obtained 
after pretreatment. The stage of fermentation deals with the conversion of fermentable sugars to 
ethanol with the aid of fermenting microorganisms (Cavalett et al. 2017). Hemicellulosic or cellulosic 
fraction generates monomeric sugars that can be fermented. Hemicellulose is easy to break down 
during pretreatment, generating fermentable pentose sugars. Technological choice of pretreatment 
plays an important role. If dilute acids are incorporated during hemicelluloses pretreatment, 
hydrolysate obtained thereafter is a mixture of xylose including some inhibitors like furfurals (Santos 
et al. 2014). Steam explosion also supports hydrolysis of hemicellulose into monomeric sugars. This 
type of pretreatment can be performed with or without acid catalyst. Oligosaccharides having xylo or 
cellooligosaccharides are the un-hydrolyzed hemicellulose that sometimes remains the hydrolysates 
obtained after the pretreatment. These oligosaccharides can be further hydrolyzed enzymatically with 
the help of xylanolytic enzymes (Terán-Hilares et al. 2017). Besides ethanol production, sugars 
liberated from cellulose and hemicelluloses, along with unhydrolyzed lignin finds their immense 
utility in producing interesting biomolecules in biorefinery (dos Santos et al. 2016). Concept of 
biorefinery is an outcome of advancements in biotechnology, engineering, process chemistry and 
genetics, supporting conversion of renewable biomass to valuable fuels and products (Wang et al. 
2018). Countries like Brazil, USA, China, Italy, India, and Spain have attracted manufacturers of 2G 
ethanol to establish production facilities (Chandel et al. 2018). Exploring various renewable sources of 
energy, would make nations independent of energy imports. European Union is therefore focusing on 
this aspect. Biofuel is likely to replace fossil fuels by 10–50% till 2030. Cost effective and eco friendly 
approaches involved in biofuel production would make it feasible to displace petroleum derived 
transportation by hydrocarbon biofuels (Crawford et al. 2016). 

Within this context, the current chapter aspired to significantly discuss some chosen novel 
pretreatment procedures that are catching attention of many researchers working for advancement of 
lignocellulosic biorefineries. Moreover, the budding impact of pretreatment via nano- and 
biotechnology-based methods on LB is also discussed. 

Potential biomass for cellulosic 2G ethanol production 
Lignocellulosic biomass is constituted by variety of crops, crop residues and the biomass generated 
from forest. There are many biomass that have been intensively researched for their prospective to be 
as a raw substance for production of 2G ethanol. Prominent among them are wheat straw, rice husk, 
rice straw, peels of fruits, sugarcane baggase, corn cobs, shells of coconut and groundnut etc. (Vaid 
and Bajaj 2017). 

Biomass is renewable sources of polysaccharides that are trapped by them during photosynthesis 
thereby converting solar energy to chemical energy. Microorganisms can consume these forms of 
energy for sustaining their own metabolism and generating beneficial products. Hence wheat, grass, 
rice straw, rice husk and maize straws etc. can be a source of carbon and energy for microorganisms 
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(Chandel et al. 2018). When compared with fossil fuels, plant biomass is not only cheap and abundant, 
but renewable too, which makes plant biomass future’s most prominent and trusted source of 
renewable energy. 

Agricultural residues are basically of two types viz. primary and secondary. Primary agricultural 
residues are meant fodder purpose. For example, straw of rice, wheat and barley, legume stover and 
sugarcane tops are primary agricultural residues whereas; secondary agricultural residues are meant 
for production of second-generation biofuel. For example, rice husk, bagasse is converted to ethanol, 
as they are less valuable as animal feed. The accessibility of biomass resources and their potential to 
produce biofuel should be researched in order to fulfill the demand of bioethanol for that nation 
(Bhatia et al. 2018). Food security is an important issue for many nations to deal with. Hence it 
becomes an important consideration to resolve energy crisis along with the suitable disposal of various 
agro-industrial waste in an economic and a sustainable manner, for which second generation ethanol 
comes into scene. 

Enormous amount of agro-industrial wastes gets produced round the year during industrial dealing of 
sugarcane or sweet sorghum during milling like husk, shell, peel, straw, stem, stalk, and bagasse 
(Basavaraj et al. 2013). After getting juice extracted for sugar production from sugarcane, the left 
fibrous agro waste is known as sugarcane bagasse (SB). SB is generated in substantial amount in 
tropical countries like Brazil, India, and China (Chandel et al. 2012).  About 800 million metric tones 
of rice is produce annually that coincides with enormous production of rice straw (Agarwal et al. 
2018). Burning this agrowaste (rice straw) is a common practice in many places, generating 
environment issues. Enzymatic hydrolysis followed by chemical pretreatment is the best strategy to 
utilize this waste to produce ethanol. This will suffice the exploration of feasible options in form of 
rice straw for biofuel production (Goel and Wati 2016). Similarly, corn stover is available post 
yielding corn – leaves and stalk that is available worldwide in significant quantities and therefore, can 
be employed as lignocellulosic feed stock for 2G ethanol production. As the production of corn is 
enormous (i.e. about 1.60 X 109 t/y worldwide) this also accounts for significant production of part of 
corn in terms of the stover. Europe and China are the chief producers of this agro residue. As the 
lignocellulosic content of dry corn stover is very high, it creates a possibility for producing bioethanol 
from corn stover (Jonathan et al. 2017). 

Cellulose constitutes about 40–50% of lignocellulosic biomass (LB) followed by hemicelluloses (25–
30%) and lignin (15–20%). Trace presence of inorganic ingredients, nitrogen compounds and pectin is 
also there (Mori et al. 2015). Hydrogen and covalent binds cellulose and hemicelluloses firmly to 
lignin, which makes these structures difficult to breakdown. Straight chain of d-glucose are found in 
cellulose that are joined with the aid of β-(1,4)-glycosidic bonds. There are two forms in which 
cellulose exists. First is the organized structure known as crystalline form and another is an amorphous 
form where enzymes easily attack (Kulasinski et al. 2014). Crystalline cellulose is a reservoir of 
trapped glucose. Hemicelluloses is next important constituent of LB biomass. It is a heterogeneous 
branched biopolymers. It is joined with cellulose with the aid of hydrogen bonds, whereas with lignin, 
it is associated via covalent bonds. The important constituents of hemicelluloses are pentoses, hexoses 
and/or uronic acids. Lignin is third important constituent of LB biomass. It is cross-linked aromatic 
polymer and hydrophobic in nature. It is a synthesized from phenylpropanoid precursors that leads to 
the synthesis of these polyphenolic aromatic compound. Arrangements and association of lignin, 
cellulose and hemicellulose are well depicted in figure 2 and composition of cell wall of diverse 
lignocellulosic biomass is given in table 2. 
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Figure 2 - Structural components of plant cell wall 

Table 2: Composition of cell wall of various lignocellulosic materials (Chandel et al. 2013, Antunes et 
al. 2014, Khatudomkiri et al. 2018, Jnawali et al. 2017, Waghmare et al. 2018, Bhatia and Johri 2017) 

Lignocellulosic substrate Lignin (%) Hemicellulose (%) Cellulose (%) 
Wheat 8.25 28.24 43.68 
Corn stover 13.64 26.34 43.31 
Switch grass 17.35 26.10 33.48 
Rice Straw 25 25 38 
Sugarcane bagasse 21.10 27 45.5 
Sugarcane leaves 18 25 45 
Bamboo 28.1 24.6 46.7 
Soya stalk 25.4 17.3 37.6 
Sorghum husk 14.6 41.2 40.2 
Sugarcane straw 25.8 30.8 40.8 
Wheat straw 20.0 33.0 33.0 
Rice Husk 20.0 25.0 25.0 
Coconut Husk 28.48 16.15 39.31 
Peels of Litchi chinensis 25.0 28.0 40.0 

Potential pretreatment technologies 
Microbes and/ or their enzyme system are the important components of biofuel technology. Before 
understanding distillation technology involved in biofuel production, it becomes important to 
understand the major stages concerned in manufacture of ethanol from lignocellulosic biomass, which 
are well illustrated in figure 3 (Najafi et al. 2009). 

Production of 2G ethanol at commercial levels demands many industrial installations. The process 
technology needs to be upgraded so that these installations can generate cost effective 2nd generation 
ethanol and other precious biochemicals (Sandford et al. 2016). Several challenges are faced by 
process technology before getting involved in large scale production. Commercial 2G ethanol 
production from biomass is not possible without pretreatment, which itself is very challenging 
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sometimes for a sustainable and viable biorefinery. Involvement of a proper pretreatment strategy 
becomes necessary in order to break the matrix associated between lignin and various sugars, so that 
microbial enzymes can access cellulose and hemicelluloses (Chaula et al. 2014). Configuration of 
cellulosic materials gets altered during pretreatment that supports enzyme accession generating 
fermentable pentose and hexose sugars (like glucose, xylose, arabinose, rhamnose and galactose) 
(Bhatia and Johri 2018). About 90% of cellulose hydrolysis becomes feasible post pretreatment (90% 
of theoretical) as compared to over 20% without pretreatment (Bhatia and Johri 2018). There are many 
other plus points associated with pretreating lignocellulosic biomass for 2G ethanol production viz. (1) 
quick hydrolysis (2) high product yield (3) cellulose crystallinity is reduced (4) pore size gets 
substantially altered thereby increasing the  accessibility of cellulolytic enzymes (5) cost effective 2G 
ethanol is feasible as less enzymes are required for hydrolysis (6) Up gradation of  biodegradable 
materials enhances the ethanol yield (Dawson and Boopathy 2007, Yang and Wyman 2008). 

 
 

Figure 3-Schematic representation of stages that result in the transformation of lignocellulose 
feedstock into bioethanol 

Various forms of pretreatments have been studied to find their suitability to efficiently breakdown a 
complex lignocellulosic structure. Various strategies have been implemented in pretreatment process 
that incorporates physical, chemical or physico-chemical pretreatments, biological, and many a times a 
combination of two or more methods (Antunes et al. 2017). Steam explosion (STEX), extractive 
ammonia (EA), co-solvent-enhanced lignocellulosic fractionation (CELF), acidified mixtures of 
glycerol carbonate (GC), and glycerol are few examples of pretreatment methods that have been 
explored fruitful for production of 2nd generation sugar. 

Currently, steam explosion pretreatment is extensively employed method of pretreatment in the pilot, 
demo, and in many viable plants in one stage or two stages. Saturated steam is employed in one stage 
STEX for a fixed duration and pressure (~ 15–20 min, ~ 10–15 bar). High vapor-phase diffusion 
allows saturated steam to move inside the fiber. Solubilization of acetyl groups takes place when 
microporous structure is concomitantly soaked in water as a result of heating of biomass during 
condensation of steam. This process generates xylose and oligosaccharides along with some inhibitors. 
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Defibrillation and fibers breakdown is the consequence of sudden drop of pressure that takes place at 
end of steam explosion pretreatment. After STEX, biomass becomes easily approachable for the action 
of cellulases, which easily generates sugar monomers from cellulose, oligosaccharides, and remaining 
hemicellulose (Pielhop et al. 2016).Mild conditions and harsh states like elevated steam pressure and 
temperature are given to biomass in two stage steam explosion so that hemicellulose can undergo 
maximum solubilization. Additions of catalyst like SO2 or H2SO4 when added during steam explosion 
facilitates the hydrolysis of hemicellulose into sugars. EA-based pretreatment has potential to alter 
cellulose crystallinity, and therefore can be considered as an efficient approach for pretreatment 
(Brandt Talbot et al. 2017). When tested on native corn stover, this pretreatment not only extracted 
about 45% lignin but also produced highly digestible cellulose (CIII) allomorph from native 
crystalline cellulose. This pretreatment significantly curtails the cost of enzyme involved in hydrolysis 
of biomass to fermentable sugars with preferred yield (Sousa et al. 2016). Co-solvent-improved 
lignocellulosic fractionation (CELF) is a novel pretreatment method developed by Nguyen et al. 
(2015) that has potential to generate cost effective 2G sugars. In this method, tetrahydrofuran was 
mixed with dilute acid which make it feasible to generate about 95% yields of sugar monomeric sugar 
from corn stover post enzymatic hydrolysis. 

Green solvent is an acidified mixtures of glycerol carbonate and glycerol holds an immense potential 
to pretreat biomass and is a proven promising pretreatment technology. “Green” solvent” when used 
for pretreating sugarcane bagasse for 30 min at 90 °C, yielded 80% glucose along with 90% of glucan 
being digested (Zhang et al. 2013). Industries can employ these pretreatment technologies to harness 
2G sugars from biomass. Table 2 depicts some technical conditions that are employed in biomass 
pretreatment and hydrolysis for recovery of 2G sugar for subsequent production of variety of 
bioproducts. The most explored and commercialized technologies are given in Table 3. A number of 
patents protect 2G commercial technologies thereby not only guarding the technology but also 
improving economic viability of the projects. For this reasons, various pretreatment have been 
considered. Advantages/disadvantages of different strategies are also enumerated in Table 3. 

Table 3 Pretreatment technologies (Valdivia et al. 2016) 
Process Company Characteristic 

Steam explosion 
 

Beta Renewables 
 

• Low yield of xylose 
• High enzyme loading 

Single-stage dilute acid 
 

Abengoa • High yield of xylose 
• Moderate enzyme loading 

Two-stage dilute acid 
 

Poet-DSM • High yield of xylose 
• Needs low loading of enzymes 

Ammonia & Steam Dupont • Needs high loading of enzymes 

Nanotechnological strategies for biomass pretreatment 
Nanotechnology plays a pivotal role in production of biofuel and its widespread applications have 
been investigated. It is a cost effective, eco-friendly, convenient and an efficient sustainable approach 
of biofuel production from cheap lignocellulosic biomass (Rai et al. 2016). When applied as a viable 
approach of pretreatment, nanotechnology would be seen as a decisive technology for production of 
2G sugars.  A rapid and an efficient approach to pretreat corn stover was developed by Wang (2012), 
named as nano-scale shear hybrid alkaline (NSHA) pretreatment method. NSHA employed NaOH at 
room temperature, with a retention time of 2 min and a shear rate of 12,500 s−1 in a modified Taylor–
Couette reactor. This process could successful remove hemicellulose and lignin.  Remaining solid 
material consisted up to 82% of cellulose content. Synergistic disorder of biomass recalcitrance and 
generation of aggregates of nano-scale polysaccharide is an outcome of NSHA pretreatment. These 
aggregates of nano-scale polysaccharide were conveniently degraded to monomeric sugars by the 
synergetic action of cellulases. This process of converting cellulose and hemicellulose into sugars was 
enhanced fourfold and fivefold, utilizing immobilized cellulase. As earlier discussed, enzymatic 
hydrolysis plays an important role in biofuel production  as it is one of the most important steps. 
Enzymes stability is an important issue and nanotechnology can play a pivotal role in their stability. 
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Silanization and reductive amidation approaches were employed by Huang et al. (2015) to immobilize 
cellulase obtained from Aspergillus niger using β-cyclodextrin-conjugated magnetic nanoparticles. 
Yield of glucose is fatter better when immobilized cellulase is employed as compared to the yield 
obtained after the use of free cellulases. Moreover, by applying magnetic field, about 85% of 
immobilized cellulase can be retrieved that can be reused for hydrolysis. Similarly, super 
paramagnetic nanoparticles were employed to immobilize β-glucosidase A and cellobiohydrolase D 
(two types of cellulases), and were reused for conversion of cellulosic biomass (Song et al. 2016). 
Mesoporous silica and carbon nanoparticles also support immobilization effectively. It is proposed 
that the cellulase immobilization is a cost-effective approach to curtail the budget involve in enzymatic 
hydrolysis of lignocellulosic biomass (Silva et al. 2017). 

Enzyme hydrolysis 
The process of enzymatic hydrolysis plays an important role in determining operation cost involved in 
production of 2G ethanol. It is assumed that 2G ethanol production demands 25-30% of the total input 
operational cost, whereas the 1G ethanol production demands just 3%. The main reason behind this 
huge difference is the presence of recalcitrant cellulose in substantial amount in lignocellulosic 
biomass involved in production of 2G ethanol. Variety of cellulases is needed along with 
hemicellulases for complete breakdown of all polymeric sugars that will be further fermented for 
ethanol production. Cellulases is a pivotal and prominent constituent of enzyme cocktail, as crystalline 
cellulose content is more than hemicelluloses content (Sukharnikov et al. 2011). Van der Waals 
interactions along with hydrogen bonds prevailing in between glucose residues are responsible for 
cellulose recalcitrance (Sukharnikov et al. 2011). Cellulases, hemicellulases and b-glucosidases are the 
main constituents of the cocktail that manifests the conversion of polysaccharides into C6 and C5 
sugars (Valdivia et al. 2016). This cocktail possesses broad range of properties and activities. 

Commercial enzyme cocktails are available as enzymatic hydrolysis is as one of the prominent area of 
technology development. Novozymes, Dupont and Abengoa are global leaders that have 
commercialized enzyme cocktail. Range of temperature for performance of these commercial cocktails 
is uniform. Lab scale performance Abengoa’s enzymatic cocktail is appreciable, but its performance at 
commercial scale on a regular basis, needs further exploration (Alvarez et al. 2016). Liu et al. (2018) 
employed Celluclast 1.5L (cellulase, enzyme activity 192 FPU/mL), Novozyme 188 (β-glucosidase, 
enzymeactivity 741IU/mL) and xylanase (enzyme activity 236 U/g) availed from Sigma-Aldrich 
China Inc. for enzymatic hydrolysis of corn stover. Corn stover carbohydrates were hydrolyzed 
employing enzyme cocktails incorporating various cellulose degrading enzymes like endoglucanases, 
cellobiohydrolases and β-glucosidases, as well as heteroxylan degrading enzymes like endoxylanase, 
β-xylosidase and various accessory enzymes (Philippini et al. 2017). Kaur et al. (2018) performed the 
enzymatic hydrolysis of biological and chemical pretreated rice straw using a commercial cellulase, 
Arrowzyme, obtained from Anthem Cellutions Pvt. Ltd., Banglore, India. There are many researchers 
who have used commercial enzymes to release high amount of reducing sugars from lignocelluoses 
(Ko et al. 2009, Kim et al. 2011, Chen et al. 2011). 

Cost of enzymes accounts upto 30% which is significant enough to establish the possibility of 2G 
bioethanol production. The process of 2G ethanol production can be further made cost effective by 
curtailing the cost input on investments done on enzymes cocktail. Strategies should be explored to 
enhance the efficiency of enzymes employed. One such strategy is genetic engineering involving high-
performance mutagenesis. Secondly, total hydrolysis can be enhanced if enzyme cocktail can work 
best in specified process conditions. Regular exploration of enzymes from extremophiles can help in 
this issue. Third strategy should rely on exploration of better production methodologies for enzymes. 
(Elleuche et al. 2014). Thermophillic enzymes makes biofuel technology cost effective as it enhances 
the overall performance of the process by preventing contamination of hydrolysates and therefore the 
loss of raw material. 

Bioenergy is biologically derived energy (Rubin 2008). Microorganisms consumes organic substrates, 
utilizes them in their metabolic processes, thereby generating useful products, which can be further 
used as fuel to produce bioenergy. Enzyme digestion plays an important role in bioethanol production 
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by releasing sugars from stored starches, which in latter stages are fermented again by a potential 
microbe to generate ethanol (Prema et al. 2015). Growth of soil microbial heterotrophs is supported by 
their efficiencies to undergo enzymatic lignocellulose hydrolysis, which is also an important process 
for carbon cycling terrestrially. Moreover, this process plays an important role in plant–microbe 
interactions and converts lignocellulosic matter to products having carbon framework. Variety of 
glycoside hydrolases (GHs) are involved in enzymatic hydrolysis of complex lignocellulose. GH 
family includes cellulases, hemicellulases, pectin degrading enzymes, lignin degrading enzymes. 
Likewise 130+ Glycoside hydrolases families have been explored (Lombard et al. 2014), out of which 
40 are cellulolytic that can potentially achieve high efficiency in cellulose hydrolysis with well-
coordinated synergy for bioethanol development (Liu et al. 2018). 

Microorganism secretes the cellulolytic enzymes into the medium. These enzymes are also associated 
to the outer surface of microorganisms capable of degrading cellulose. The enzymology of cellulose 
degradation is documented in several reviews (Bhatia et al. 2012). Four classes of enzymes are 
involved in the biodegradation of cellulose (Klyosov 1990) viz.- 

 Endoglucanases (Endo-1,4-β-D-glucan-4-glucanohydrolase, EC 3.2.1.4) randomly hydrolyse 
internal -1,4-glucosidic linkages within the cellulose string of cellulose leading to formation of 
gluco-oligosaccharides. Large numbers of reducing and non-reducing ends are created in the 
oligosaccharides. 

 Exoglucanases (Exo-1,4-β-D-glucan-4-glucanohydrolase) breaks only external β-1,4-glucosidic 
linkages from nonreducing terminal of cellulose and also oligosaccharides and split off glucose 
units. 

 Cellobiohydrolases (Exo-1,4-β-D-glucan-4-cellobiohydrolase EC 3.2.1.91) aids in generating 
cellobiose units from nonreducing cellulosic terminal. The distinction between exoglucoanases 
and cellobiohydrolases is always not clear. 

 β-Glucosidases (β-D-glucoside glucohydrolase EC 3.2.1.21) aids in breakdown of  cellobiose 
and dextrins  of low molecular weight to glucose. 

Organisms producing cellulases differ from each other in possessing different number of components 
of cellulases, as there are multiple of enzyme components present in cellulases. Reducing and non-
reducing ends are generated when endoglucanase works upon linear cellulose molecules. These ends 
are targeted by exoglucanase which highlights more inner sites for endoglucanase binding. Cellobiose 
causes feedback inhibition of CBH. If somehow this cellobiose is converted to glucose with the help 
of -glucosidase, this feedback inhibition is greatly reduced, and cellulolytic activity continues (Bhatia 
et al. 2015a). 

The important factors for biofuel production are substrates, microbe selected and production 
processes. Pseudomonas aeruginosa are an important source of exo-glycosidases (Kumar and Kumar 
2017). Stubbs and co-workers (2008) developed a well versed strategy of   probe profiling of exo-
glycosidases in Pseudomonas aeruginosa. They did this by designing tag-free variants of a probe and 
phosphine-FLAG and alkyne-biotin as post labeling reporter tags. 

These microorganisms have potential to convert five carbon sugars such as xylose present 
hemicelluloses into biomass or bioproducts. This conversion is mediated by two pathways. At the 
initial part of metabolism, D-xylulose is formed from D-xylose. This step is mediated by action of 
xylose reductase (XR) and xylitol dehydrogenase (XD) or xylose isomerase (XI). Phosphorylation of 
D-xylulose occurs with the help of xylulokinase forming xylulose 5-Posphate. Xylulose 5-Posphate is 
utilized in glycolysis pathway to form metabolites such as glyceraldehyde 3-Posphate and fructose 6-
Posphate. Latter, these compounds can be transformed to pyruvate by the glycolytic pathway (Jeffries 
2006). Pentose sugar assimilation generates key compound pyruvate, whereas biomass and 
bioproducts can be generated by different pathways (Antunes et al. 2014). 
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Microbial Fermentation 
Pretreatment and enzymatic hydrolysis process generates monomeric sugars like glucose, mannose 
and galactose (hexose sugars) and xylose and arabinose (pentose sugars) which are the source of 
carbon and energy for various microorganisms. These sugars get fermented by microorganisms to 
yield ethanol. Glucose is found in high concentration in hydrolytic products followed by xylose or 
mannose (hemicellulosic sugars) and other sugars in minor quantity. Following chemical equation 
revels the conversion of glucose to ethanol with the aid of zymase: 

C6H12O6 + Zymase → 2C2H5OH + 2CO2 

Few microbes like Saccharomyces cerevisiae, Kluyveromyces. Pichia kudriavzevii, Escherichia coli, 
Klebsiella oxytoca, Clostridium thermocellum, Zymomonas mobilis are the known producers of 
bioethanol. But S. cerevisiae is most preferred organism for the same as it is highly efficienct, holding 
GRAS status and can tolerate high levels of alcohol. It is also the potential producer of Zymase, an 
enzyme complex that manifests the sugars fermentation into ethanol and CO2 (Lin and Tanaka 2006). 

As discussed earlier production of 2G ethanol is a 3 step process viz. pretreatment, enzymatic 
hydrolysis and fermentation. When the last two step i.e. enzymatic hydrolysis and fermentation are 
performed simultaneously, the process is known as simultaneous hydrolysis and fermentation, 
abbreviated as SSF. If enzymatic hydrolysis and fermentation are performed separately, it is known as 
separate hydrolysis and fermentation (SHF). Consolidated bioprocessing (CBP) is a process 
integration which focuses to bring down all bioconversion steps into single step in a single fermentor 
employing one or more than one microorganisms. In CBP, cellulase production, 
cellulose/hemicelluloses hydrolysis and fermentation of 5- and 6- carbon sugars takes place in a single 
step. The cost effective biological translation of cellulosic biomass to fuels is feasible with CBP (Lynd 
et al. 2005). 

Process of fermentation demands the temperature range of 30-36°C, whereas process of enzymatic 
hydrolysis demands the temperature range of 45-50°C. With SHF, it is easy to manage both these 
processes, which seems to be a challenge for SSF. But SHF faces a limitation, as accumulation of 
glucose and cellobiose takes place during enzymatic hydrolysis, causing feedback inhibition for the 
enzyme performing hydrolysis. To resolve this issue, addition of β-glucosidase becomes necessary, 
that adds a cost to SHF and makes it costly. The necessity of β-glucosidase is curtailed in SSF and 
hence the cost as the glucose generated during enzyme mediated hydrolysis, is concurrently converted 
to ethanol. Hence the issue of feedback inhibition does not exist in SSF, making this process cost 
effective as compared to SHF (Elumalia and Thangavelu 2010, Kont et al. 2013). SSF is a fast process 
with higher yield of ethanol as compared to SHF. Presence of ethanol in the broth creates an 
environment where chances of contamination and spoilage of fermentation broth is less (Sasikumar 
and Viruthagiri 2010). 

There are several reports of research done for producing 2G ethanol from variety of agro-residues. 
When studies on effect of operational parameters on Simultaneous Saccharification and Fermentation 
(SSF) was done at flask level, it was found that 6% of separate inoculum of Saccharomyces cerevisiae, 
Pichia stipitis and Pachysolen tannophilus, was found suitable for ethanol production from bagasse, 
wheat straw and peels of Litchi chinensis and Citrus sinensis var mosambi, whereas 2% inoculum of 
Mucor indicus was found suitable for ethanol production from all the Litchi chinensis, bagasse, wheat 
straw, Ananas cosmosus and Citrus sinensis var mosambi. Similarly 4% inoculum of Kluveromyces 
marxianus and 2% P. sipitis was found suitable for ethanol production from bagasse and Ananas 
cosmosus peel respectively. Combination of nutrients like ammonium sulphate (0.3%), potassium 
dihydrogen phosphate (0.15%), yeast extract (0.5%), peptone (0.5%) was found best for the 
production of highest amount of alcohol by various organisms from all most all substrates except from 
bagasse. Combination of nutrients like Urea (0.3%), Sodium dihydrogen phosphate (0.15%), Meat 
extract (0.5%), Tryptone (0.5%) was found unsuitable for ethanol production. Combination of 
nutrients like sodium nitrate (0.3%), di potassium hydrogen phosphate (0.15%), malt extract (0.5%), 
soya peptone (0.5%) was found exceptionally supporting the caliber of  K. marxianus’s ethanol 
production from bagasse and wheat straw. This combination of nutrients was also found suitable for 
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M. indicus as far as ethanol production from peel of A. cosmosus was concerned (Bhatia and Johri 
2015, Bhatia and Johri 2016, Bhatia and Johri 2017, Bhatia and Johri 2018, Bhatia and Johri 2015b). 

Conclusion 
Generation of the 2G sugars from lignocellulosic biomass plays a pivotal function in biorefineries 
progress. Sustainable production of biofuels becomes feasible as these sugars are the renewable 
building block for the process. Pretreatment is a crucial and significant step for generation of these 
sugars. Pretreatment efficiency depends on recalcitrance of biomass. Pretreatment technologies 
achieve their goal when hemicellulose and lignin gets removed along with alteration biomass structure 
allowing enzymes to act upon biomass. Along with advantages, pretreatment poses some hurdles too, 
that need to be overcome. In coming times, biorefineries can rely upon the novel approaches of 
pretreatment like nanotechnology, that can significantly contribute in hydrolysis of many types of 
lignocellulosic biomass. Last few years have witnessed emergence of many novel alternatives.  
Sustainable bioeconomy would become a reality when the existing challenges would be overcome by 
continuous research and developing inventive capacity. 
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SUMMARY 
Accumulation of agro-industrial waste-materials generated by various sources creates various 
environmental problems in India. Most of these by-products contain three major structural polymers 
such as cellulose, hemicellulose and lignin. A high proportion of this waste material is carbohydrate 
and phenolic in nature. Hence, Biological degradation, now-a-days, has become an increasingly 
popular alternative for the treatment of agricultural, industrial, organic as well as toxic wastes by 
researchers and academicians around the globe. Cellulose and hemicellulose being the major 
constituents can be referred to as valuable resources for a number of reasons, mainly due to the fact 
that they can be bio-converted easily into valuable products. Biomethane is one the bioenergy gas 
which can be produced by the valorisation of wastes using different bioconversion technologies. In 
this chapter we are focusing the  bioconverstion technologies  for producing biomethane from agro 
wastes. 

Keywords: waste, bioconversion, bioethanol, biogas 
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INTRODUCTION 
Biofuel is any fuel that is derived from biomass i.e. living organisms or their metabolic by products. It 
is a renewable energy source, unlike other natural resources such as petroleum, coal and nuclear fuels. 
Biofuels can be grouped in 'generations', according to the type of technologies and the biomass 
feedstocks they convert into fuel. 

Global biofuel production has been increasing rapidly over the last decade, but the expanding biofuel 
industry has recently raised important concerns. In particular, the sustainability of many first-
generation biofuels – which are produced primarily from food crops such as grains, sugar cane and 
vegetable oils – has been increasingly questioned over concerns such as reported displacement of 
food-crops, effects on the environment and climate change. The increasing criticism of the 
sustainability of many first-generation biofuels has raised attention to the potential of so-called 
second-generation biofuels. Depending on the feedstock choice and the cultivation technique, second-
generation biofuel production has the potential to provide benefits such as consuming waste residues 
and making use of abandoned land. In this way, the new fuels could offer considerable potential to 
promote rural development and improve economic conditions in emerging and developing regions. 
However, while second-generation biofuel crops and production technologies are more efficient, their 
production could become unsustainable if they compete with food crops for available land. Thus, their 
sustainability will depend on whether producers comply with criteria like minimum lifecycle GHG 
reductions, including land use change and social standards. The most natural and renewable resources 
possibly mitigating the future energy crisis are the lignocellulosic materials being easily available. A 
large  quantities of such materials as waste byproducts are being generated through agro industries and 
agro practices. Because of their renewable nature, recently bioconversion technologies of 
lignocellulosic biomasses have gained increasing interests and special importance among 
academicians and researchers around the globe (Asgher, Ahmad, & Iqbal, 2013; Ofori-Boateng & Lee, 
2013). Hence,  the huge amounts of biomass like pineapple wastes available huge amount after 
processing can potentially be converted into different high value products including bio-fuels like 
bihydrogen and biomethane (Asgher et al., 2013; Iqbal, Kyazze, & Keshavarz, 2013; Irshad et al., 
2013; Isroi et al., 2011). Significant developments have been made to harvest energy from renewable 
resources  that can provide energy for domestic and industrial sectors therby enhancing the livelihood 
development particularly in rural sectors. Organic biomass from plants and animal wastes may be the 
future potential sources for conversion to biofuels. In contract to fossil fuels that increase atmospheric 
CO2 levels through greenhouse gas emissions, biofuels can significantly lower greenhouse gas 
emissions. Biofuels are carbon-neutral energy sources as the CO2 produced from their combustion is 
utilized by the plants during photosynthesis. 

AGRO-WASTES 
The major examples of agro-residues are cereals straw, corn cobs, cotton stalks, various grasses, maize 
and sorghum stover, waste paper, wood sawdust and chips and their by-products. Also all agricultural 
wastes such as straw, stem, stalk, leaves, husk, shell, peel, lint, seed/stones, pulp, stubble, etc. which 
come from cereals (rice, wheat, maize or corn, sorghum, barley, millet), cotton, groundnut, jute, 
legumes (tomato, bean, soya) coffee, cacao, olive, tea, fruits (banana, mango, coco, cashew) and palm 
oil are regarded as the agro wastes which are the main household fuel in developing countries. It is 
also to be noted that only crop residues production is estimated to be about 4 billion tons per year, 
75% originating from cereals (Lal 2008). 

On the surface of our planet, around 200 billion tons per year of organic matter are produced through 
the photosynthetic process (Zhang 2008). However, the majority of this organic matter is not directly 
edible by humans and animals consequently creating a source of environmental problem.  On the basis 
of great demand for appropriate nutritional standards, there is rising costs and decreasing availability 
of raw materials directly influence (Laufenberg et al. 2003) on recovery, recycling and upgrading of 
these wastes. This is predominantly valid for the agro-food industry, which furnishes large volumes of 
solid wastes, residues and by-products, produced either in the primary agro-forestry sector or by 
secondary processing industries, posing serious and continuously increasing environmental pollution 
problems (Boucqu´e and Fiems 1988). 
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Fig.1 Production of various pineapple wastes during processing 

Bioconversion of agro wastes 
Agro waste play important role in meeting the growing energy demand of the society. Lignocellulosic 
agricultural crop residues have vast energy generation potential which has been reported to be 
unutilized so far. Lignocellulosic biomass is a renewable resource on earth and it has attracted 
continuing efforts to produce fuels and chemicals for future uses. 

Lignocellulosic biomass contains three major structural polymers: cellulose, hemicellulose and lignin. 
Specific sugar residues may be released from the cell-wall by the action of carbohydrases. Many 
species of microorganisms are able to degrade agricultural by-products releasing valuable products 
which may otherwise would be locked in plant for secondary metabolites. The wastes from agro sector 
have been used as the substrate for the production of biomethane.  This agro-industrial fruit waste 
consists of high moisture content and full of carbon source, biogas production from this fruit wastes is 
effectively solution for waste management. The biogas has been accepted to be one of the best 
alternatives renewable energy (Vimal et al 1976). The management with this appropriate technology 
can decrease an environmental problem, as well as reduce the global warming. 

Biomethane production technologies 
Methane-producing bacteria decompose waste organic compounds to make CH4 as end-product, 
utilising H2, CO2 and acetic acid. They are obligatory anaerobes and sensitive to environmental 
change. Methanogens belong to the archaea group with heterogeneous morphology and numerous 
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common biochemical and molecular properties. Biogas is produced as a result of anaerobic 
fermentation of the dead organic biomass.   CH4 production  may be from both natural as well as 
anthropogenic systems. The methanogens (methanogenic archaea or methanoarchaea) produce CH4 
during waste digestion or decomposition, anaerobically. Anaerobic fermentation by a specialised 
group of microbes (methanogens) produces the methane gas. High moisture content and full of carbon 
source are seen in agro-industrial fruit waste materials. Biogas production is the most effectively 
solution for these waste management. which has been accepted as the best alternatives renewable 
energy. Biomethanation process takes place with hydrolysis, acidogenesis, acetogenesis and 
methanogenesis. But mainly two processes are responsible for biogas production such as  acidogenesis 
and methanogenesis processes through anaerobic digestion of organic matter ( Fig.1). Pineapple peel 
into biogas was studied by Chulalaksananukul et a, 2012.  They performed in a lab-scale of 6 liters of 
bioreactors at ambient temperature (approx. 30o C). In their studies, the biogas production was largely 
affected by various factors like type of microorganism, pH value, carbon to nitrogen ratio, as well as 
the organic loading rate. There are other agro waste which have the potential for production of biogas. 
According to the study conducted by Bardiya et al., 1996  semi-continuous anaerobic digestion 
process produced up to 1682 ml/day of biogas with methane content of 51% in maximum. Pineapple 
peels gave biogas yields ranging from 0.41-0.67 m3/kg volatile solids with methane content of 41-
65%. as reported by Rani and Nand , 2004. Pineapple waste, was also used as  substrates along with 
other fruit wastes for biogas generation (Lane, 1984; Prema et al., 1992). 15% pineapple peel along 
with  mixed fruit peel wastes produce bio-hydrogen gas at 0.73m3/kg of volatile solid destroyed 
(Vijayaraghavan et al., 2007). 

 
Fig.2. Biomethanation  processes and mechanisms 
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Study was conducted for the production of biogas from post-harvest wastes of pineapple such as peels, 
leaves, mixture of peels and leaves with the two different types of inoculum viz., Cow Manure (CM) 
and Novel microbial Consortia (NC). Pineapple leaves with NC proven to be best with maximum 
biogas yield of 208.28 l/kg Total Solid (TS) comprising of 72.45% methane, whereas same substrate 
with CM yielded 35.96 l/kg TS with 34.7% methane. Mixture of peels and leaves yielded 187.19 l /kg 
TS with 56.61% methane with NC which was 2.2-fold higher when compared with CM having a yield 
of 84.46 l/kg TS and 49.2% methane. 

Conclusion 
In context to global utilization and effects on food security, the production level of biofuels may be 
enhanced by the application low cost technologies. For the conversion of renewable wastes materials 
into biofuels, bioconversion technologies acting as the vital role so can be focussed in framework of 
cost benefit analysis having higher yield. Furthermore, solving of above problems, there exists lack of 
low cost bioconversion technological interventions.  By the exploration of innovative methods of 
process integration by minimizing capital investment and maximizing energy efficiency and 
improving overall economics, the major cost disadvantage of current second-generation biofuels can 
be overcome and become focussed into the biofuel markets in coming future. Hence, lignocellulosic 
biomass in addition of green biotechnology will be the main focus of the future research. 
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CHAPTER-5 

BIOBUTANOL PRODUCTION AND POTENTIAL 
AT A GLANCE 

 
Prakash Kumar Sarangi 

Directorate of Research, Central Agricultural University, Imphal 

 

Abstract 
Diminishing stage of fossil fuels along with their bad environmental impacts force researchers to seek 
an alternative solution for fuel and energy for future.  By the potential microorganisms these problems 
can be solved for attaining fuel and energy towards sustainable society. Biomass can be considered as 
the renewable resources for biofuel production having lass environmental effects. Biobutanol, one of 
the biofuels that can be focused for its production and potential. Through ABE (acetone, butanol, and 
ethanol) fermentation method, biobutanol can be generated by various microorganism and waste 
biomass. 

Keywords: sustainable, waste biomass, Biobutanol, Microorganism 
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Introduction 
Crop residues need to be utilized for sustainable energy generation process by microbial system. Bio-
based economy has played a vital role to replace fossil fuels for energy applications. The 
lignocellulosic biomass having cellulose, hemicellulose and lignin can be used as natural and 
renewable biological resources for making of biofuel feedstock. The highest amount of fermentable 
sugar units is available in cellulose making it the attractive source for conversion to bioethanol. The 
major challenges faced by microorganisms for utilization of complex structures as source of energy. 

Biofuels have major roles to provide fuels  from biological sources for transportation purposes. They 
lower greenhouse gas emissions so that having less environmental effects. Plant biomass for biofuels 
and biomaterials has been focused  for advanced research to convert their fixed carbon into fuels and 
other valuable products. First-generation biofuels have some limitations over sustainability point is 
concerned because of dependence on the food crops. On the other hand, second-generation biofuels 
provides solid platform for utilization of waste biomass with benefits of consuming waste residues and 
making use of abandoned land. Lignocellulosic biomass being waste feedstock can be used as the 
renewable sources to produce future biofuels mitigating fossil fuel crisis.  Agricultural biomass is 
found to be energy resource with exhibiting environmental and economical advantages. Physical and 
chemical characteristics of biofuel is used as potential biomass sources with best utilized process 
parameters for thermochemical conversion into biofuels. 

Selection of feedstocks depend on process chemistry, physical and chemical characteristics. 
Biobutanol is considered as a better alternative due many biofuel property (Durre, 2007; Patakova et 
al., 2013; Tigunova et al., 2013; Karimi and Pandey, 2014; Li et al., 2014) such as having 30% higher 
energy content. Also, it is used as biofuel in gasoline supply pipelines having low vapour pressure 
(Qureshi and Ezeji, 2008). It can be blended with gasoline in any ratio or can also be used as neat fuel 
in all gasoline engines. It can be produced through the acetone, butanol, and ethanol (ABE) 
fermentation process with many limitations of  low yield and high cost of product recovery. So, 
research has been focused for production of such fuels utilizing waste biomass for ABE fermentation. 

Production of biobutanol 
ABE production by Clostridia species has a complex intracellular pathway. There are three types of 
important products produced by ABE fermentation such as (1) solvents (acetone, butanol, and 
ethanol), (2) organic acids (lactic acid, acetic acid, and butyric acid), and (3) gases (carbon dioxide and 
hydrogen) (Zheng et al., 2009; Xue et al., 2013). The entire ABE fermentation is a biophasic process 
with both acidogenic phase and the solventogenic phase. 

It begins by the acidogenic phase within the exponential growth phase (Fig. 1). One mole of glucose is 
converted to two moles of acetic acid or one mole of butyric acid by acidogenesis process. By this 
method, it reduces pH that leads to next process which is called as solventogenesis in which acetone, 
ethanol and butanol are formed. The cause of acidic stress is the faster production of these acids 
compared to their consumption by the cells (Kumar and Gayen, 2011; Xue et al., 2013). 
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Fig 1. ABE fermentation process 

Conclusion 
Biobutanol is a substitute for  fossil fuel foe supplying fuel and energy products. Due to high energy 
content, less corrosive, it can be used over ethanol in existing internal combustion engines in either 
blended or pure form. During ABE fermentation, utilizing waste biomass, biobutanol is produced 
which faces some challeges due to some limitaions. Hence, more researches on this field can bring the 
maximum recovery and economical viable thereby waste utilization can be also justified. Some novel 
biotechnological tools and bioprocess technology may be focused so that higher butanol production 
will be made. 
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CHAPTER-6 

AN OVERVIEW OF APPLICATION AND 
PRODUCTION OF BIOHYDROGEN 

 

Prakash Kumar Sarangi 
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Abstract 
Utilization of microbial resources along with waste biomass are the potential sources for production 
of future biofuels like hydrogen. Various production methods are adapted for production of 
biohydrogen out of which the most successful technology is the dark fermentation process.  Production 
and potential of biohydrogen are briefly summarized.  Potential and future possibilities about 
microbial assisted hydrogen production are also described. 

Keywords: biohydrogen, sustainable, photo-fermentation dark fermentation, waste biomass 
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Introduction 
Environmental sustainability by the help of green energy sources is the need of the hour.  Presently, 
energy and other chemicals are obtained from fossil fuels which  enhance the green house gases  and  
will be diminished  in coming future. There is much dependency on fossil fuels  for energy (Ghimire 
et al. 2015). There is a big challenge searching renewable sources for production of fuels and 
chemicals. Hence, attention for renewable technologies can be focused  avoiding fossil fuels (Sarangi 
et al, 2017; Sarangi, 2019). Waste biomass is used for biohydrogen production and  other various 
useful products due to presence of celluloses and hemicelluloses (Kumar et al, 2017; Yan et al, 
2017).P retreatment of biomass is needed to release lignin part from such biomass. Bioconversion 
method is known to be vital method for hydrogen generation for the sustainable supply of H2 with less 
environmental pollution with high efficiency (Wu and Chang 2007). Hydrogen has many more 
applications in fuel and energy sectors.  Hydrogen production is expected by 2025 to be 11 % of total 
renewable energy share of 36% and by 2050 it may be about 34 % of total renewable sources having 
share of 69% approximately. (Balat and Kırtay, 2010). Due to harmful impact of fossilbased fuel, 
hydrogen generation is largely focused.  Hydrogen can be termed as the fuel of the future due to many 
advantages with more net calorific value than other important fuels of fossil origin (Grimes et al 
2008).  Hydrogen has about 2.75 times greater energy content than   the conventional hydrocarbon 
fuels (Faloye et al., 2014, Ghimire et al., 2015). This chapter describes briefly about the production 
methods for hydrogen. 

Biochemical methods for hydrogen production 
Production of biohydrogen is the beneficial method of hydrogen production having less negative 
impact on environment. Focus for exploration of biomass resources with various microbes can 
produce hydrogen and other products from waste biomass.  It depends on the types of microorganism 
and biomass used. Some methods used for biohydrogen production are Photolysis, dark fermentation, 
photofermentation and  microbial electrolysis cells. 

Microbial biomass is to be focused for sustainable, economically friendly and efficient production 
technologies of hydrogen.  Lignocellulosic is the potential resources for biohydrogen production 
having carbohydrates. Due to various positive natures like abudancy, low cost, waste biomass can be 
focused for biohydrogen production (Guo et al., 2010). Production of biohydrogen from waste 
biomass have been studied (Chen et al., 2012; Guo et al., 2010; Han et al., 2012; Magnusson et al., 
2008; Moodley and Kana, 2015) with different yielding ranges. 

Biohydrogen production through photo-fermentation is done by photosynthetic bacteria through 
enzyme nitrogenase system in presence of light energy and waste biomass. Purple nonsulfur bacteria 
and nitrogenase enzyme can help in production of hydrogen though this method. Microbial electrolysis 
cells (MECs) is a method for utilization of energy and protons by microbial biomass converting 
organic matter. Hydrogen production and other value-added chemicals are also generated through this 
method. The process is similar to the Microbial Fuel Cell having  anode and cathode separated by 
proton exchange membrane. 

Dark fermentation is the most suitable method for hydrogen production (Łukajtis et al, 2018; Kumar et 
al, 2017) by microbial biomass from waste materials.  A mixture of gases of hydrogen and carbon 
dioxide is produced along with other gases also (Datar et al., 2004; Kotsopoulos et al., 2006; 
Najafpour et al., 2004; Temudo et al., 2007).  Microorganisms such as Enterobacter spp., Bacillus 
spp., Clostridium spp are used for  production of hydrogen from cellulosic substances  (Levin et al., 
2004).   Bacteria can convert glucose to pyruvic acid which is then converted to CO2 and H2 (fig.1) 
through this method. 
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Fig.2 A simplified version of dark fermentation for biohydrogen production 

Conclusion 
Hydrogen generation by microbes is a global concern as sustainability point is concerned utilizing 
waste biomass. Microbial biomass have to be expanded in their research for biohydrogen production. 
Also some biotechnological tools are to be applied presently for maximum hydrogen production. 
Parameters like temperature, partial pressure of hydrogen, nature of microorganisms, and cultural 
conditions as well nature and concentration of  feedstock  may be focused for maximum recovery of 
biohydrogen. Different disciplinary approach will open a roadmap for biohydrogen production for 
mitigation of energy crisis in future. 
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CHAPTER-7 

ALGAE AND BIOFUEL PRODUCTION 
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Abstract 
Researches nowadays have started focusing on green alternatives with the intention to repair past 
damages caused to the environment, thereby developing sustainable technologies that have reduced 
impacts. Advancement in technology allows an efficient usage of natural sources to generate clean 
energy, thereby curtailing the liberation of gaseous contaminants in the surroundings. In this regard, 
biofuels are encouraging options for administer changes in climates that resulted from elevated 
greenhouse effect, whose repercussions have been extensively felt over few decades. The employment 
of microalgae as raw material is one of the good options to obtain biofuels. Microalgal cells are rich 
source of carbohydrates, lipids and diversified proteins, thereby enabling them to generate biofuels. 
This helps in reducing the end cost of products within the concept of biorefineries. There are many 
process variables that governs the cultivation of microalgae for biofuel production. This chapter 
would provide an insights about popular culture media and promising species for procuring biofuels 
specially biohydrogen, biodiesel and bioethanol. 

Keywords: Microalgae cultivation, Biorefinery, Third generation biofuel, Renewable energy, 
Photobioreactors, Pyrolysis 
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Introduction 
Microalgae are single cellular, minuscule and phototrophic organisms inhabitants of freshwater and 
marine water (Velasquez-Orta et al. 2013). They can also grow and multiply inindustrial and 
metropolitan wastewaters (Wu et al. 2017), and chilled oceanic water (Begum et al. 2016). These 
organisms constitute asection of phytoplanktons. Sunlight, carbon dioxide (CO2) and water are 
indispensable for these organisms to produce structural and reservoir molecules and pigments, that 
leads to their cell replication (Koller et al. 2014). According to Spolaore et al. (2006) and Koller et al. 
(2014), microalgae finds its importance in being extensively used in both human and animal nutrition, 
whereas its extractives are used as starting materials to be employed in textile, pharmaceutical, 
cosmetic and food industries. Moreover, they can be employed as feedstock for obtaining biofuels, as 
shown in figure 1. 

 
Figure 1- Biotechnological feasibility of microalgal biomass employment within the biorefineries 

concept 

Principle feedstock and their availability for third generation biorefinery 
Cost of feedstock chiefly governs in determining operating costs of biorefinery. Hence biomass 
processing is viable when supply of feedstock is affordable. There are many factors that diversifies the 
biomass economics. Chief among them are location of production, type of feedstock, political policies, 
prevailing infrastructure, and environmental concerns. There are many sources from which biofuels 
may be derived, like forest, agriculture (dedicated biomass crops or agro-waste), municipal wastes, 
algal-biomass etc. Moreover, there are various industries like agro-industry, food industry and food 
services that generates enormous amount of by-products or waste, that are potent sources of fuel 
generation (Nigam and Singh 2011). Biomass resources should be sustainable as there are many 
requirements associated with it like land, water, fertilizers etc. Other important features that should be 
considered before selecting any feedstock is governed by its energy content that should be enormous. 
Easy accessibility of feedstock in huge quantities is another important aspect followed by its 
amenability to the conversion processes. Round the year availability of feedstock in a sustainable 
manner is also an important consideration before selecting any feedstock. It is good to opt a feedstock 
that doesn’t compete in land use, is not a part of food chain, is cost effective and can be procured in 
enormous quantity. Circulation of nutrients should also be feasible with selected feedstock (Hughes et 
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al 2013). Biorefineries gets a best quality, sustainable, and infrastructure-compatible feedstocks from 
various resources of biomass when intensive research on technologies is on move (U.S. Department of 
Energy, 2012). Thus, the concept of biorefinery plays a crucial part in the progress of future bio-based 
economy (Moncada et al. 2014, Rincón et al.  2014). 

Algae serves as a feedstock for third generation bio refineries (Sánchez-Tuirán et al. 2012, Qureshi et 
al. 2010, Cherubini 2010). These feedstocks are the potent starting material at the stage for obtaining 
fuels and chemicals (Posada et al. 2013, Posada et al. 2012). Microalgae are aquatic unicellular 
biomass comprised of elements like C, H, O and N (Jonker and Faaij 2013). Growth of microalgae is 
dependent upon type of cultivation system employed, availability of light, levels of carbon di oxide 
and oxygen, temperature and availability of nutrients like nitrogen and phosphorus (Abdollahi and 
Dubljevic 2012, Li and Yang 2013). Solar energy is utilized by these microorganisms to associate 
carbon dioxide and water to create biomass. This process is much more efficient and rapid than the 
plants on land (Hughes et al. 2013).  Microalgae has potential to convert carbon di oxide into biofuels, 
food, feed, and value-added products, thereby grabbing attention of biorefineries looking for an 
interesting feedstock (Pokoo-Aikins et al. 2010, Moncada et al. 2014). 

Algae crops are the known producers of vitamins, feed, and many other products on a huge scale 
(Sánchez-Tuirán et al. 2012). Furthermore, the hike in the global energy requirement has resulted in 
the progression and analysis of potential authority for production of fuels and chemicals (Sánchez-
Tuirán et al. 2012). As microalgae possesses high photosynthetic conversion efficiency, there are now 
most widely explored alternatives for producing fuels and chemicals (Jonker and Faaij 2013). 
Microalgae are the important reservoirs of high-value nutrients like pigments,  proteins,  carbohydrates 
and lipid molecules (Ghosh et al. 2016) (figure 1). 

Microalgae Cultivation to Produce Biofuels 
Petroleum, natural gas and coal have played a pivotal role in technological development. Combustion 
of these fossil fuels elevates the emission of green house gases like CO2, the concentration of which 
has elevated from 280 ppm (in 1750) to 400.47 ppm (in 2015), which accounts to about 43% (Alley et 
al. 2007). This hike in concentration of CO2 has disturbed theequilibrium between the solar radiation 
obtained by the earth and its reflection, thereby enhancing the heat retention ability of earth, resulting 
in a phenomenon known as global warming (Peters et al. 2013). As an outcome of this phenomenon, 
there has been a drastic change in climate, over a years and has been recently intensified. These 
problems have intensified the research in field of bioenergy, as this shift from non-renewable to 
renewable energy source has an immense potential to sought out many environmental as well as 
economic problems, like release of greenhouse gases (Samimi and Zarinabadi 2012), along with a 
constant hike in the  petroleum price (Nazlioglu and Soytas 2012). 

Attention has now been diverted towards harnessing naturally renewable sources of energy like solar 
energy, wind energy, tidal energy. Plants and microalgal biomass also constitute important sources of 
energy (Long et al. 2013). There are three generations of biofuels, first generation (1G), second 
generation (2G) and third (3G) generations. Plant biomass are the sources of 1G and 2G biofuels.Food 
sources like corn, beet, wheat and sugarcane juice generates sugars, which on fermentation generates 
ethanol. Similarly, transesterification of lipids like soybean oil produces biodiesel. This type of fuel 
generated from food material is known as 1G biofuels. The source of 2G biofuels is the sugars 
generated from agro- industrial residues, like straw and husk, or lipids generated from non-edible 
sources, e.g. jatropha oil. The plus point associated with these biofuels is that these fuels are the 
outcome of sustainable process involving green technologies and preserves environment. The major 
limitations associated with these fuels is the requirement for arable and fertilized soil and the need of 
pre- treatment to procure sugars, as vegetable raw material are recalcitrant. Third generation biofuels 
can substitute1G and 2G biofuels as they are not obtained fromplant biomass, but results from 
processing microalgae cells. There are many advantages of cultivationand obtaining biofuels from 
microalgae in comparison with employing vegetal biomass (Naik et al. 2010). 

Microalgae has a potential to produce biofuels due to its inherited properties of possessing high lipids 
and carbohydrates and potential to fix carbon-di-oxide (Sankar et al. 2011). Biodiesel production is 
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feasible as the oil is cluttered inside the microalgal cell (Gong and Jiang 2011). The residual biomass 
after the extraction of lipid, can be employed for production of biogas or bioethanol. 

Both biogas and bioethanol can be produced by employing microalgal biomass (Mussgnug et al. 
2010). Microalgal biomass undergoing anaerobic digestion produces biogas, whereas sugars 
hydrolysis found in the cell wall followed by microbial fermentation, yield bioethanol (Hernández et 
al. 2015).The biohydrogen generates and gets stored during photolysis of photosynthesis by microalgal 
cell (Batyrova et al. 2015). Few studies have concentrated on co-generation of biofuel using same 
culture, as shown in table 1 

Table 1- Employment of microalgae culturefor biofuel cogeneration (Gonclaves and Silva 2018) 
Microalgae Biofuel References 
Chlamydomonas reinhardtii Biohydrogen, Biogas Mussgnug et al. (2010) 
Chlorella sp. Biohydrogen, Biodiesel Dasgupta et al. (2015) 
Scenedesmus sp. Biohydrogen, Biodiesel Ren et al. (2015) 
Chlorella sp. Biohydrogen, Biodiesel Sengmee et al. (2017) 
Chlorococum sp. Biohydrogen, Bioethanol Harun et al. (2010) 

Process Variables 
Composition of microalgal cell differs from species to species, composition of culture medium and/or 
environmental conditions (Brown 1991). Other important factors that significantly alter the microalgal 
cell composition include deviations in temperature (Renaud et al. 2002), complementation 
(Procházková et al. 2014), luminous power and photoperiodicity (Khoeyi et al. 2012). 

When the culture conditions are optimum, microalgae rapidly multiplies but accumulation of reserve 
substances i.e. carbohydrates and lipids does not takes place. When the conditions get adverse, it tends 
to rouse the gathering of storematerials or pigments. Thus, regulations in experimental conditions 
would generate the products or by-products of importance. Microalgal growth is facilitated either in 
the existence or deficiency of light. Algae canutilize both forms of carbon i.e. organic and inorganic, 
as an energy supply. Thus, four different type of cultural conditions can be employed cultures (i) 
photoautotrophic, (ii) heterotrophic, (iii)  photoheterotrophic and (iv) mixotrophic. 

The most prevalent condition employed is the photoautotrophic one, that occurs in presence of light 
source (either innate source of light like solar energy or by light bulbs). Photoautotrophic condition 
allows the translationof inorganic carbon into energy during photosynthesis. Intensity and color of 
light and the emanated wavelength unswervingly regulates the biomolecules developed and 
accumulation by cells (Kim et al. 2013). Light is not mandatory for occurrence of biochemical 
reactions in heterotrophic culture as organic carbon acts as a resource of energy and carbon. Light and 
an organic carbon source are prerequisite for culturing microalgae in mixotrophic and 
photoheterotrophic conditions. There is a difference in both these cultural condition. During 
mixotrophic culture, photosynthesis is performed by cells, using both organic and inorganic carbon as 
a source of energy, i.e. they have the ability to thrive in both photoautotrophic and heterotrophic 
circumstances. On the other hand, in a photoheterotrophic condition, light is required by cells to use 
organic compounds ascarbon source (Chen et al. 2011). These states of affairs play a vital role during 
the study of production of hydrogen, lipids accumulation and carbohydrates accumulation by 
microalgae to estimate biohydrogen, biodiesel and bioethanol yields, respectively. 

Enormous quantity of algal biomass is needed for thecommercial production of biofuels. Using indoor 
artificial lighting, photobioreactors of 1 to 10 L of capacity can be employed microalgal cells on 
laboratory scale. Outdoor lighting is suitable for simulation studies on scale-up (Oncel et al. 2015) and 
pilot-scale (Lu et al. 2015) to enhance the productivity. Culture medium composition plays a crucial 
role in growth of cells and its proliferation. Diverse microalgal species differs in their nutritional 
necessities, though they have the ability to adapt to various supplementation conditions. 

This makes industrial (Wu et al. 2017) or domestic (Lv et al. 2017, Reyimu and Ozçimen 2017) 
wastewaters suitable to be used as culture medium as they are either concentrated or diluted.  
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Synthetic culture media with well defined composition can be researched to assess the reaction of cells 
to the alteration in concentration, addition or deletion of components. Product of interest is obtained if 
a biochemical route gets stimulated after the adequate supplementation. The usage of cost effective 
nutrient sources like urea (Campos et al. 2014), human urine (Wu et al. 2017) and glycerol/glycerin 
(Sengmee et al. 2017) has been researched. It is important to note that the culture medium should 
suffice the need of individual species, so that marine microalgae can be grown in a elevated osmotic 
pressure surrounding that resembles seawater characteristics. In this context, a elevated concentration 
of NaCl (about 30 g/L) is employed. Stirring in microalga cultures is important in order to avert 
sedimentation of cells and to make certain homogenization of cell suspension. Stirrer is an essential 
part of bench photobioreactor (PBR) to guarantee that all cells receive the equal quantity of light in 
(indoor) cultures that are photoautotrophic and photoheterotrophic. In this type of culture, the source 
of light isusually positioned particularly towards the PBR and cells situated in the illumination zone 
block the transmittance of light into the dark sector as cell proliferation progresses. 

Two strategies can be employed inorder to circumvent shading between cells. One is to install light 
supply on poles apart of the PBR and second is to wrap it with light strips. Flow can be mediated by 
either by motorized agitation, bubbling of air and/or gas or with the help of a peristaltic pump. 
Motorized agitation though more competent when evaluated with the other two methods, can cause 
damage to the cell in its contact. Other than this demerit, installation and operation of agitators are cost 
intensive, thereby discouraging its usage on an industrial scale. On the other hand, cell damage rate is 
lower in case of the bubbling or aeration system along with their easy installation and being cost 
effective (Chisti 2008). The culture medium gets aerated along with the conservation of suspended 
cells in bubbling or aeration system. 

Biomass or algae are the sources of 3G biofuels, also submitted to as drop-in biofuels. 
Thermochemical processes and biochemical processes are being developed for this purpose. Energy 
per gallon delivered by these fuels is more than ethanol, and during conversion procedures a wide 
array of co-products is generated that supports biorefineries to be economically and environmentally 
sustainable (Hughes et al. 2013). The lipid content of algae determines its potential to generate biofuel. 
Algae have gathered substantial attention as a biodiesel producer due to the virtue of their (i) 
enormous lipid content (20–50%) and soaring growth rates; (ii) capability to develop in rigorous 
conditions; (iii) ability to seize CO2 from the flue gases and (iv) being cost effective (Chisti  2008). 

Microalgae is the potent producer of biofuels due to its inherited properties of possessing high lipids 
and carbohydrates and capability to fix carbon-di-oxide (Sankar et al. 2011) (figure 1). Biodiesel 
production is feasible as the oil is accumulated inside the microalgal cell (Gong and Jiang 2011). The 
remaining biomass after the lipid extraction, can be utilized for biogas or bioethanol fabrication. 
Chlamydomonas reinhardtii, Dunaliella salina are some fast growing species of algae that have been 
extensively explored along with various chlorella species. Species of Botryococcus braunii, grows 
slowly but is known to accumulate enormous quantities of lipids (Scott et al. 2010, Dragone et al. 
2010). Lipid content of Chlorella species is very high (approximately 60 to 70%), making this 
organism a subject to intense investigation. Chlorella protothecoides shows utmost yield of 7.4 
g/L/day (Chen et al. 2011). There are some geographical and technical issues associated with algal 
biomass. Lipid extraction becomes difficult due to elevated H2O content of algal biomass, so it 
becomes necessary to dewater it either by centrifugation or filtration. Processes of culturing and 
dewatering are energy intensive (Ríos et al. 2013). Ríos et al. (2013) suggested that optimization of the 
general process is mandatory so that all stages in microalgae transformation are balanced. 
Transesterification process or hydrogenolysis helps in extraction of lipids from algae to yield drop-in 
aviation fuel (a derivative of kerosene grade alkane) (Tran et al. 2009). 

High production rates, high oil contents, and low land requirements are the plus points associated with 
various microalgal species, thereby making these species a potential feedstock for biodiesel production 
(Mata et al. 2010, Huang et al. 2010). Despite of these features, their actual short- and mid-term 
commercialization has been critically questioned (Chisti 2013). There are huge varieties added-value 
products (omega 3 fatty acids) that can be obtained from microalgal oil and therefore, it would be 
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more economically justified to employ microalgae for such purposes rather than as feedstock for 
biodiesel production (Gutiérrez et al. 2017). 

Bio-processing of 3rd generation feedstock: Technical aspects 
Years have witnessed an acceleration in advancement for third-generation biofuels as an outcome of 
technological advancement and knowledge gained through extensive research on cellulosic ethanol. 
Massive microalgal biomass production is a cost intensive process as high amount of seed culture is 
required to guarantee the cultures purity (Chisti 2016). 

Several techniques are included in harvesting processes like gravity sedimentation, centrifugation, 
foam fractionation, chemical flocculation, electro-flocculation, membrane filtration, and ultrasonic 
separation etc. (Zeng et al. 2016). Gravity sedimentation is a slow rate process that requires less 
energy. Harvesting of microalgal biomass at huge scale demands energy and cost input (Pittman et al. 
2010). Strains type, culturing state and the density of cell in the harvesting medium are some of the 
factors that determines the technique involved during harvesting of microalgae (Singh et al. 2010). 
Research is still on its move to explore an efficient process of harvesting microalgae for primary and 
secondary metabolites production at industrial level (Ghosh et al. 2016). Third generation feedstock 
has been improved as an outcome of prior research on supply of cellulosic feedstock, its pretreatment 
and logistics. Third-generation biorefineries becomes profitable by intensive research and 
technological progression of biomass hydrolysis and consecutive dealing of transitional and by-
products into high-prized bio-products and chemicals (Hughes et al. 2013). Safe and sustainable 
production of energy is feasible when third-generation biorefineries are integrated, flexible, cost 
effective and operate with lower carbon emission (Strategic Research Targets for 2020). 

Microalgae biomass can be transformed into valuable products by thermochemical conversion and 
biochemical conversion. When conversion technologies employs thermochemical conversion mode, it 
is manifested by thermal breakdown of organic apparatus to fuel products. Direct combustion, 
gasification, pyrolysis and thermochemical liquefaction are the modes of thermochemical conversion, 
whereas, biological process incorporates anoxygenic digestion, alcoholic fermentation and light 
mediated biological hydrogen production for converting algal biomass into various fuels (Slade and 
Bauen 2013). 

Gasification 
Gasification is an approach for formation of third-generation biofuels. During gasification, biomass 
gets transformed into synthesis gas / "syngas," (blend of H and CO) at a low-oxygen environment and 
elevated temperature. Syngas can then be converted into biofuel either chemically or microbially. 
Fischer-Tropsch route or novel sophisticated catalytic processes is involved during chemical 
conversion. Dauenhauer and co-workers (2007) employed a single, small reactor to manifest 
gasification using catalyst to directly generate 3G biofuels, surpassing the need of three reactions of 
conventional thermal gasification procedure. 

Pyrolysis 
During pyrolysis, biomass undergoes thermal depolymerization at moderate temperature under 
anoxygenic conditions. Pyrolysis converts biomass into three fractions viz. (1) liquid, also known as 
pyrolysis oil, (2) solid, also known as biochar and (3) gaseous fractions. These fractions can be further 
utilized for generating fuels and chemicals.  It is feasible to adjust the conditions of pyrolysis in order 
to optimize the manufacture or chemical composition of a given portion (Mohan et al. 2006). Pyrolysis 
oil yields diverse qualities of oil required for advanceimprovement into excellent chemicals, 
automotive fuels and energy. Huber and co-workers developed an updated single step pyrolysis 
approach utilizing catalysts for conversion of biomass into high octane gasoline-series aromatics 
(Huber and Dale 2009). Economical production of 3rd generation biofuel can be done by microwave 
process. Alteration and productivity are superior in shorter reaction times (Quitain et al. 2006). The 
extractions of algae gets significantly improved in microwave-assisted approach, resulting in high 
yields. This approach is not only more efficient, but also reduces extractive-transesterification time 
(Patil et al. 2012). Genetic modification of algae is a mode to overcome the problems associated with 
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its cultivation, harvesting and processing, thereby producing cost-competitive algae fuels (Medipally 
et al. 2015). 

Production of Hydrogen by Microalgae 
Hydrogen is the most capable fuel that has the potential to replace conventional fuels in the 
intermediate and extended term (Momirlan and Veziroglu 2002). In comparison with other fuels,  H2 
possess high energy density per mass. It is a renewable resource of energy and does not cause global 
warming, hence can substitute fossil fuels. Water is the only product that H2 produces upon 
combustion, hence H2 finds its utility for generation of power by fuel cells, or unswervingly in internal 
combustion engines. Problems associated with the efficient usage of H2 lies in the fact that its 
production cost is high and difficulties associated with its shipping and storage (Khetkorn et al. 2017). 
The main sources for H2 are fossil fuels, natural gas or water (Steinberg 1989, Block et al. 1997). 
Steam electrolysis, photolysis, thermochemical decomposition and photoelectrochemical process 
(Zeng and Zhang 2010, Barrett and Baxendale 1960, Funk 2001, Sivula et al. 2010) generate H2 from 
water. 

H2 can be produced biologically, involving microorganism’s photosynthetic biomachinery or by non-
photosynthetic processes (Khetkorn et al. 2017). H2 can be produced non-photosynthetically either 
aerobically or an aerobically. Inorganic carbon, such as carbon di-oxide is used under oxygenic 
conditions, whereas organic carbon source, such as starch is used under anaerobic conditions 
(Sengmee et al. 2017). Metabolic reactions of microalgal cells also generates H2. Water biophotolysis 
(direct or indirect) during photosynthesis generates H2 by green microalgae. Photosystems I and II 
captures sunlight during oxygenic photosynthesis thereby mediating direct biophotolysis.  In direct 
biophotolysis, breaking down of water molecule takes place yielding H2 with subsequent release of O2. 
Carbohydrate (starch) produced during the dark reaction generates H2 in indirect biophotolysis 
processes. This carbohydrate was itself produced biologically in the existence of water and carbon-di-
oxide that is absorbed from the atmosphere. Thus, H2 and CO2 is generated by breakdown of 
carbohydrate. Being highly sensitive to O2, hydrogenase works under anaerobic condition to generate 
H2, whereas, oxygenic photosynthesis generates O2, there is an inappropriateness between oxygenic 
photosynthesis and anoxic H2 production (Khetkorn et al. 2017). The microalgae C. reinhardtii has 
been used as replica for learning H2 production, although research is underway with other species too.  
The most popular media employed for producing H2 by microalgae is the TAP medium. When 
freshwater algae cultures are deprived of sulfur and phosphorus, and when seawater algae cultures is 
deprived of phosphorus, these conditions stimulates the algae to undergo photo production of H2 
(Sengmee et al. 2017). 

Production of Biodiesel from Microalgal Biomass 
Emission of CO2 is the major concern, for which the focus has now shifted from use of regular diesel 
to the use of biodiesel. Plants and microalgae has potential to use CO2 as an inorganic carbon source 
for their metabolism. Production and processing of microalgae demands power, and this power can be 
generated when biodiesel is used as a fuel (Chisti 2008). Accumulation of lipids in the outline of 
triacylglycerides (Widjaja et al. 2009) takes place in microalgal cells when environmental conditions 
becomes unfavorable (stress conditions) either in form of nutrient deficit or the quantity of light. 
Deficiency of nitrogen may significantly reduces the cell division, as the protein that are pivotal for 
formation of cell wall becomes scares (Aremu et al. 2015). Production of biomass is negatively 
affected when biomass is deprived of phosphate, whereas in the same condition lipid concentration 
significantly declines with the significant hike in unsaturated fatty acids concentration (Praveenkumar 
et al. 2012). When an organic carbon sources is supplied to the microalga, cell development and 
accumulation of lipid gets stimulated by the microalgae (Li et al. 2011). 

Triacylglycerols found in the oil extracted with the help of solvents are broken down to diglycerides 
and monoglycerides in successive steps of methanolysis (reaction with methanol). Other short-chain 
alcohols, like ethanol, also supports this process. Process efficiency can be increased by involving 
acidic, basic and enzymatic catalysts or even supercritical conditions. Fatty acid methyl esters 
(FAME) or fatty acid ethyl esters (FAEE) and glycerol (reaction by product) are the products acquired 
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in the final stages (Gong and Jiang 2011). If complete solubilization of triacylglycerols does not takes 
place by solvents, the extractive process is considered incompetent and results in diminished oil 
extraction rate (Velasquez-Orta et al. 2013).  Biomass drying temperature can considerably affects 
recovery of oil, since fatty acids gets oxidized at high temperatures (Widjaja et al. 2009). 
Consequently, efficient oil extraction techniques from microalgal cells are necessary for substantial 
yields of biodiesel. 

Production of Bioethanol from Microalgal Biomass 
Bioethanol is generated as an outcome of fermentation of sugars derived from lignocellulosic material. 
Production of bioethanol is treated a green technology as it is cost effective and ecological being 
obtained from renewable sources. In comparison with gasoline, ethanol possesses superior octane 
rating, flammability boundaries and flame speed, thence permitting high compression ratio and poor 
rate of burning. 

Combustion of ethanol is improved as oxygen is present in molecular structure, as a result of which 
emission of carbon monoxide, hydrocarbon and particulate is reduced (Balat et al. 2008). Microalgae 
cell compositionis affluent in lipids and proteins whereas its carbohydrate content is low, hence it is 
not a good idea to conduct research that focuses on obtaining bioethanol from microalgae (Hernández 
et al. 2015). Production of biodiesel from microalgae is extensively studied, as compared to that of 
ethanol. Vegetable biomass has been extensively researched for ethanol production over a years 
(Reyimu and Ozçimen 2017). For ethanol production from microalgae, it is very important to explore 
the organism that possesses significant amount of polysaccharides such as cellulose, hemicellulose, 
glycoproteins, pectin, agar and alginate in their cell wall along with its ability to accumulate starch 
(Chen et al. 2013). In this context, species that can efficiently accumulate carbohydrate should be used 
and culture (Dragone et al. 2011) for conversion of sugar into ethanol. Supplementation should also be 
assessed.  Structural and stored polymeric carbohydrates must be hydrolyzed, and released monomers  
gets converted into ethanol by precise microorganisms. 

Although microalgae cell wall does not possess lignin, the usage of pretreatments to breakdown its 
organization and depict structural and reserve sugars hasbeen studied in order to enhance yield of 
ethanol (Chng et al. 2017). Pre-treatment is an important step to curtail the lignocellulosic biomass 
recalcitrance for second generation biofuelproduction (Alvira et al. 2010). There are many methods of 
pretreating the lignocellulosic biomass. Employment of chemicals in physicochemical pre-treatments 
like acid, alkali, ozone or solvents, pursued by enzymatic hydrolysis, are the prominent one. Ethanol 
production rate is higher when Organosolv and Ozonolysis is employed for pre-treatment, as the rate 
of sugar released is highest (Keris-Sen and Gurol 2017, Chng et al. 2017). Separate hydrolysis and 
fermentation (SHF) and simultaneous saccharification and fermentation (SSF) are two well known 
methods for translating fermentable sugars into ethanol via microbial fermentation. In SHF, is a two 
step reaction in which carbohydrate hydrolysis and its fermentation takes place separately. The 
microorganism is included tothe reaction medium supplemented with necessary nutrients for its 
growth. In this case, hydrolysis and fermentation are executed in two steps. The demerits associated 
with this process is that this process is time consuming along with the chance of microorganism 
inhibition by the substrate. In SSF, single reaction medium takes care of simultaneous incubation of 
both enzymes and the microorganism. The microorganism utilize released monomeric sugars as source 
of carbon for gaining energy. In this sculpt, simultaneous production of monomers and its conversion 
to ethanol takes place, and therefore possibility of inhibition of substrate is practically nil. 
Additionally, time required to complete the process is also curtailed when judge against to SHF (Chng 
et al. 2017). Yeast such as Saccharomyces cerevisiae and Zymomonas mobilis, and many other 
microorganisms have been widely studied for their potential to convert microalgae glucose into 
ethanol. 

Environmental considerations 
It becomes very important to take environmental, socio-economic impacts into account when the 
biorefinery is assessed for the complete value chain of bio-based products. Environmental 
sustainability is feasible if we use residual biomasses, preserve food, forests, water & fossils along 
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with the usage of effluent free fuels thereby curtailing CO2 emission. Cellulosic ethanol can 
significantly curtail fossil fuels consumption and CO2 emissions. Food-based biofuels cannot 
considerably reduce CO2 emissions. Food crops should not be chosen as a raw materials for biofuels 
and for replacing fossils. Figure 2 depicts CO2 emission reductions vs. various bioethanol processes. 
Hirayama and group isolated microalgae strain Nannochlorum sp. that is not only appropriate for the 
producing D-lactic acid but also can be efficient for greenhouse gas carbon di-oxide fixation 
(Hirayama and Ueda 2004). 

 
Figure 2- CO2 emission reductions vs. various bioethanol processes 

Source: Renewable Fuel Standard Program (RFS2) Regulatory Impact Analysis. 

United States Environmental Protection Agency 
LignocelluloseFeedstock (LCF) biorefineries contributes towards a reduction of environmental 
impacts. Being a potent source of chemicals, material and sustainable energy, LCF biorefineries also 
helps in managing change in climate by curtailing the demand on fossil fuel energy. LCF biorefineries 
also contributes in curtailing greenhouse gas. However, land and water usage by these biorefineries 
has brought about changes in land pollution in water leading to its eutrophication. This generates 
environmental disadvantages. Biodiversity gets adversely affected thereby also affecting ecosystem 
services. Life cycle assessment (LCA) methodology helps in environmental analysis. This 
methodology covers all the aspects of  LCF i.e. input and output flow, production chain, acquisition of 
raw material to its usage during production, to  generating product and end-of-life (Cherubini 2010). 
International Organization of Standardization (ISO) has standardized Life cycle assessment (LCA) 
methodology in its ISO 14040 series (Mussatto 2016). Data are available from various literatures 
dealing with impacts of biorefineries on environment concludes that LCF biorefinery system is a 
potent option to mitigate changes in climate and curtailing the fossil fuels dependency. These 
biorefineries depends on local availability of renewable resources, thereby revitalizing rural areas 
(Valdivia et al. 2016). Sustainable practices of biomass acquisition is the focal spot to safeguard a 
renewable energy furnish to biorefineries. There are many categories where the impact of LCF 
biorefineries needs attention inorder to carefully evaluate environmental effects. These categories are 
impacts on biodiversity, water quality, land fertility, carbon stocks of soil, ecosystem services. 
Evaluation of toxicological risks and energy efficiency is also mandatory for complete assessment 
(DeJong and Jungmeier 2015). Hence, it’s a complex process to determine overall impact on 
environment and there are many chances of prevailing some degree of ambiguity in the ultimate 
results. Yield of biomass [bdmt/a] in selected Asian countries and their associated advantages are 
given in table 2. 
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Table 2- Yield of biomass [bdmt/a] in selected Asian countries and their associated advantages 
(biomass-sp.net/wp-content/uploads/2012/05/CHEMPOLIS.pdf) 

Biomasses in 
Asian 

Countries like 
 

Generation of 
agricultural 

residues 
BDMT/a: 

If 30 % of the available residues were 
used in 3G biorefining 

 
it would enable 

bioethanol 
production 

of 

Advantages associated Reduce CO2 
emissions 

by 

India 413.3 18 Mt/a ethanol in 
ca. 400 

biorefineries 
 

Replace completely 
gasoline by 

ethanol and reduce 
imports of crude 

oil by 25% 

40 Mt/a 

China 744.5 36 Mt/a ethanol in 
ca. 720 

biorefineries 

Replace 37 % of 
gasoline by cellulosic 
ethanol and replace 

current 
unprofitable 1G 

ethanol production 

8 Mt/a 

Thailand 64 3 Mt/a ethanol in 
ca. 60 

biorefineries 

Replace 40 % of 
gasoline by 

cellulosic ethanol and 
replace current 
unprofitable 1G 

ethanol production 

8 Mt/a 

Philippines 
 

38.3 
 

1.8 Mt/a ethanol in 
ca. 36 

biorefineries 

  

Malaysia 
 

13.9 
 

0.7 Mt/a ethanol in 
ca. 14 

biorefineries 

  

Indonesia 140 of 6.7 Mt/a ethanol 
in ca. 

1434 biorefineries 

  

Conclusion 
Algae is a potential microorganism to produce huge varieties of products of human use. Biofuel is one 
of them. Biorefineries can be highly benefited by integrating latest technology to derive various 
biofuels and other value added products from algae. 3G ethanol has proven to reduce the CO2 
emission and thereby curtailing green house effect. Some algae have potential to generate two 
varieties of biofuels. Process variables must be optimized for efficient production of biofuels. 
Accumulation of oil inside the algal cells makes them useful for biodiesel production. Bioprocessing 
of third generation feedstock is also an important aspect taken care of. Algal biomass will sustain the 
production of biofuel in a coming time being a potential and promising organism. 
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Abstract 
In the recent years, the utilization of biomass-based energy in terms of fuel or power has become an 
imperative requirement on a global scale to enhance the environmental sustainability. Recent 
advancements in microbial fuel cells in terms of structural modification, substrates utilization, modes 
of operation, supplementation of different microbial communities, overcoming limitations and 
exploring new applications towards clean environment are critically designated in this chapter. The 
role of eukaryotic microorganisms in microbial fuel cells is discussed. This chapter provides an 
outline about the microbial fuel cells. 

Keywords: Microbial fuel cells, Bioenergy, Electrochemically active bacteria, Biosensor, Sediment-
type microbial fuel cell, Proton Exchange Membrane 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

77 

Microbial technology for future biofuel by Sarangi and Bhatia 

Introduction 
Rapid civilization, industrial development and urban expansion, unprecedented industrialization are 
the factors behind the hike in worldwide need of energy demand and depletion of natural energy 
sources. Some issues may be addressed by many nations in the term of eco- sustainability and other 
environmental issues like global warming. Principles of physics and electrochemistry are involved in 
operation of biological fuel cells along with the catalytic redox activity that is performed by a living 
organism, preferentially microorganisms. Enzymatic fuel cell (EFC) and microbial fuel cell (MFC) are 
the two forms of biological fuel cells. Selective enzymes are involved in enzymatic fuel cells that acts 
as a catalyst for the redox reaction, whereas microbial fuel cell involves microorganisms (electroactive 
microorganisms) in an anaerobic anode compartment that generates electricity from organic 
compounds (Santoro et al. 2017). The need of an hour demands the further exploration of novel 
renewable energy technologies to suffice global energy demand and thus synergizing solution for 
environment issues too. 

Electroactive bacteria (EAB) have the potential to oxidize a series of organic matter or pollutant that 
serve them with carbon for their metabolism. During this process EAB handover the produced electron 
to anodes (Shen et al. 2014). So we can say that, microbial fuel cells (MFCs) are renewable devices 
that have potential to change chemical energy into electricity employing the anerobic metabolic 
machinery of electrochemically active bacteria (EAB). MFCs are a form of renewable strategies that 
hold the potential to transform chemical energy into electricity involving a variety of 
electrochemically active bacteria. In MFCs, a broad spectrum of carbon sources including organic 
substrate or even pollutants in wastewater rare oxidized by electrochemically active bacteria, thereby 
transferring the generated electron to anodes. Shewanella putrefaciens, Geobacteraceae 
sulfurreducens, Geobacteraceae metallireducens and Rhodoferax ferrireducens are few examples of 
active bacteria used in MFCs (Kim et al. 2002, Bond and Lovley 2003, Crittenden et al. 2006, Liu et 
al. 2007). 

MFC technology is highly advantageous as it holds the capacity of converting low-grade waste or 
organic pollutants (that are too wet to be burned) into electricity by utilizing microorganisms and their 
enzymes. MFCs differs from conventional fuel cells in many aspects, as the former operates at 
ambient temperature range (15-45°C), involves biotic electrocatalyst at anodic side, neutral pH 
condition. MFC is able to utilize complex biomass and has low environmental impacts (He et al. 2005, 
Larrosa-Guerrero et al. 2010, Borole et al. 2011, Tremouli et al. 2016). 

Microorganisms in Microbial Fuel Cell 
Dual role is played by microbial fuel cells. On one hand it is a promising technology for generation of 
clean energy and on the other hand it provides a best option for pollutants treatment. Microbes and 
microbial consortia are employed in the anode chamber of the MFC where they oxide the wastewaster 
or the pollutant, thereby generating the electrons and protons. Electrons are utilized by theses microbes 
for their metabolism of energy generation by electron transfer chain after which they travel to the 
cathode chamber completing the circuit. The protons generated in the anode chamber during the 
oxidation process also gets travelled via Proton Exchange Membrane (PEM) and reaches the cathode. 
The cathode chamber is an oxygenated chamber and in this chamber electrons and protons reduces the 
oxygen to produce water molecule, thereby completing the charge balance. In this process chemical 
energy gets converted to electrical energy (Osman et al. 2010).  Extracellular electron transport 
mechanism of electrochemically active bacteria supports the transport of electron thereby generating 
voltage (Wang et al. 2014). Human urine has also been explored as a source of energy for small-scale 
stacked MFCs (Ieropoulos et al. 2013). The performance of MFCs can be further enhanced by 
employing extracellular electron transport processes. 

Researchers have identified number of electrochemically active bacteria (EAB) that have potential to 
transfer electrons to electrodes. Chief among them are Escherichia coli, Actinobacillus succinogenes, 
Erwinia dissolven, Proteus mirabilis, Pseudomonas aeruginosa, Shewanella oneidensis, Streptococcus 
lactis, Aeromonas hydrophila, Geobacter metallireducens, G. sulfurreducens, Rhodoferax 
ferrireducens, Shewanella putrefacien and Klebsiella pneumonia (Das and Mangwani 2010). Recent 
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years have explored the potential of Arcobacter, Tolumonas, Desulfobulbus and Enterococcus as 
electroactive bacteria in various ecosystem. Electrochemical activities of these electroactive bacteria 
show a significant character in the act of microbial fuel cells (MFCs). Separately from these pure 
cultures, potential of microbial consortia have also been explored so that they can be employed as 
anodic cultures in MFCs. There are many benefits associated with the employment of microbial 
consortia or mixed community in MFC. Chief among them are stability and easy maintenance that are 
mostly important in long term operation. Fermentative strains of Bacteroidetes and Firmicutes are also 
mostly prevalent in mixed-community MFCs. Thus, it becomes important to explore performances and 
structure of community for mixed-community MFCs (Zheng et al. 2017). 

Variety of novel forms of MFCs have explored in past few years. photosynthetic microbial fuel cells 
(PMFCs) is one of them. This type of MFC, synergizes two forms of energies viz. solar and biomass 
by employing phototrophic microbes both in cathode and anode chambers. Several strains of algae 
have been employed in cathode chamber where they generate oxygen that accepts electrons. This is a 
cost effective approach that usually involves algae like as Chlorella vulgaris, Desmodesmus sp. A8. 
Natural water body including sediment are the important habitats of photosynthetic bacteria (PSB). By 
utilizing solar energy during photofermentation process, these bacteria can potentially produce 
hydrogen thereby supporting wastewater treatment. Photosynthetic MFC employing 
Rhodopseudomonas (a strain of PSB) yielded enormous power productivity up to 2720-60 mW/m2.  
This was an attractive approach to compare the performance of mixed community and PSB prevailing 
community in MFCs (Zheng et al. 2017). Table 1 presents different substrates and microorganisms 
used in MFCs. 

Different mechanisms are adopted by different mechanisms for transferring electrons to the solid 
electrodes. Exoelectrogens in MFC aids in transferring electrons. For example pyocyanin or riboflavin 
are the mediators secreted by Pseudomonas and Shewanella that accelerates transfer of electrons. 
Geobacter have potential to handover electrons unswervingly by outer membrane c-type cytochromes 
(Omcs) or conductive pili. Pyocyanin (PYO) are endogenous electron shuttles and are highly redox-
active (Yong et al. 2014). P. aeruginosa is also a potent secretor of electrochemically active phenazine 
derivatives. Phenazines encompass a large group of nitrogen-containing heterocyclic compounds. 
Phenazines vary chemically and physically founded on the type and location of functional groups 
existing. Phenazines plays an important role in anoxygenic conditions allowing bacteria to produce 
energy for growth.  Phenazines also helps to sustain redox homeostasis as they act as an acceptor of 
electron and reoxidized accumulated NADH (Jayapriyaand Ramamurthy 2013). Chemical alterations 
of the insulating interface junction across the cellular membrane can enhance the endogenous 
secretion of pyocyanin mediators in Escherichia coli (Hou et al. 2013) and genetically engineered 
Pseudomonas aeruginosa (Wang et al. 2013), thereby boosting the power output in these MFCs. 
Pseudomonas catalyzed MFCs provide an exclusive prospect to syndicate the metabolic potential of 
the microorganism to degrade oxidizable pollutant and retrieve recovery of energy. 

Mechanism of microbial fuel cells 
Cathode and anode are the two chambers, that are unanimous in all the MFCs. These chambers are 
usually made up of glass, polycarbonate or Plexiglas. Electrodes are fabricated of graphite, graphite 
felt, carbon paper, carbon-cloth, Platinum, Platinum black or reticulated vitreous carbon (RVC). 
Proton exchange membrane generally separates both these chambers and is made up of Nafion or 
Ultrex. Organic substrates are metabolized by microorganisms in anodic chamber, generating 
electrons and protons that not only produces energy but supports microbial growth too (Das and 
Mangwani 2010). 

Oxygen is a preferred as oxidizing reagent as it makes MFC operation simple. Power density also 
enhances when standard media incorporates ferricyanide (a suitable electron acceptor). A pragmatic 
system is necessary to separate bacteria from oxygen, as oxygen is inhibitory for electricity production 
in anode chamber. Anaerobic chamber is required for anodic reaction. As mentioned already, that 
anode is the chamber where bacteria grows and anode is the chamber where oxygen reacts with the 
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electrons. A membrane separates biocatalyst from oxygen and allows only charges to be transferred 
between anode and cathode (Das and Mangwani 2010). 

There are two parameters that influences the functioning of MFC. They are biological and 
electrochemical parameters.  In continuous systems rate of substrate loading are biological parameters, 
whereas power density and cell voltage are chief electrochemical parameters. MFC’s performance is 
governed by various factors which include: (i) supply of oxygen and its usage in cathode chamber, (ii) 
substrate oxidation in anode chamber, (iii) electron shuttle from anode section to anode surface, and 
(v) penetrability of PEM (Rahimnejad et al. 2015). 

Role of Biofilm in Microbial fuel cells 
Recent years have witnessed Microbial fuel cells (MFCs) technology as a potential skill to 
simultaneously achieve waste water treatment and power generation. Activation losses in anode is the 
main challenge for the low power density of MFC. This bottleneck is associated with slow movement 
of electron between bacteria cells and anode. Current generation becomes constant with the help of the 
biofilm formation which is independent of the way of extracellular electron transmission path 
involved. Pseudomonas aeruginosa (P. aeruginosa) depends only on self-produced electron mediators 
(phenazines) for extracellular transmission of electron that is also supported by the simultaneous 
formation of biofilms (Qiao et al. 2017). It is reported that the MFC operation promotes the excretion 
of phenazines along with the formation of biofilm. 

Major applications for microbial fuel cells 
Metabolic system of bacteria is employed in MFCs for the generation of electricity by utilizing a broad 
spectrum of organic substrates. Marine sediments are needed to be explored to provide current for low 
power devices. Thorough understanding of microbiology, synthetic biology, fluid dynamics and 
thermodynamics associated with the system could help in improving MFC technology. Some 
researchers are unfolding efficient MFC technology, which could lead to an efficient and complete 
degradation of wastes and toxic chemicals while producing clean electricity. Variety of 
microorganisms are involved in MFC either as a single species or in consortia by the virtue of their 
unique metabolic potential. There are many substrates that are rich in organic matter and serves as a 
food material for variety of microorganisms. Chief among these substrates are sanitary wastes, 
wastewater generated out of food processing, poultry wastewater and corn stovers (Rabaey et al. 
2006). Removal efficiency of MFC gets enhanced when they are connected in series to treat leachate. 
Generation of electricity is the supplementary benefit associated with this process (Galvez et al. 2009). 
Organic matter can be online monitored when replaceable anaerobic consortia is used as biosensor. 
There are various methods available to quantify the organic content in waste water. Calculation of 
biological oxygen demand (BOD) in wastewater is one such method. Most of the methods are not 
feasible for on-line monitoring and regulation of biological wastewater treatment processes (Chang et 
al. 2005). This is a feasible approach for wide concentration range of organic matter in waste water 
(Kumlaghan et al. 2007). Hydrogen can be produced in MFC. Hydrogen is a secondary fuel and an 
alternative of electricity. Hydrogen production becomes feasible with minor changes in MFC. MFC is 
a better producer of hydrogen as compared to classical method of fermentation of glucose. Thus, 
MFCs are able to generate renewable H2 and contribute towards fulfilling complete hydrogen demand 
in a hydrogen economy (Wagner et al. 2009). 

Conclusions 
Microbial fuel cell is suitable method to solve environmental issues as well as energy crisis. 
Microorganisms support this process where they generate electrons from oxidation of organic matter. 
Movement of these electrons generates electricity. Lots of efforts are being made to make this 
technology cost effective and efficient. Last few years have witnessed the expansion of scope of MFC 
utilization for electricity production towards specialized utilities. MFC is a feasible approach for 
producing secondary fuel. Lethal compounds also get bioremediated with the help of MFC 
technology. 
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CHAPTER-9 

PRODUCTION AND APPLICATION OF 
BIOMETHANOL: AN OVERVIEW 

 

Prakash Kumar Sarangi 
Directorate of Research, Central Agricultural University, Imphal, Manipur 

 

Abstract 
Biomass acts as the crucial feed stock to provide fuel, energy and chemicals.  Considering global 
bioeconomy, biomass   has been evolved as the green and clean feedstock for utilization of bioenergy. 
Biomethanol from biomass acting as the alternative transportation fuel can be obtained by microbial 
activities. Methanotropic bacteria act as the vital agent for conversion of methane into methanol. This 
chapter summarizes the scope of microorganisms for production of biomethanol from biomass. 

Keywords: Methane, Methanotropic bacteria, Biomethanol, biomass, waste 
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Introduction 
Major global concern is focused towards application of green and clean energy sources into 
automobile and industrial sectors (Okonko et al 2009, Suntana et al 2009). Due to diminishing stage of 
non-renewable energy with adverse environmental impact, alternative and clean energy is the need for 
the future. Hence, it is needed to develop sustainable process technology for utilization waste biomass 
which is the major challenge for the researchers around the world (Bakul 2011; Sarangi 2019 ). Waste 
biomass can be used for production of valuable chemicals, green energy and other biobased materials 
(Sarangi et al, 2017). By utilizing microbial communities, waste biomass like crop waste and agro 
industrial waste materials are used for supplying energy carriers in the transportation sector and 
electricity storage. As far as economic and ecological advantage point is concerned, these sources are 
the suitable resources for above products. Based on specific to the conversion methods, various fuel 
products such as bio-oil, biodiesel, syngas, biohydrogen, bioethanol, biobutanol, biomethanol and 
biopropanol can be produced from waste biomass. 

Biomethanol is the potential biofuel for future bioeconomy purpose. Methanol can be focused for its 
production from waste biomass by utilizing microbial communities. Having various applications, 
methanol has expanded prominent sectors towards production of high valued chemical and materials. 
It can be regarded as a valuable target for the waste-to-chemical process in chemical and fuel 
industries. In this chapter focus has been made for applications of methanol into various sectors as 
well as the biological production technologies of biomethanol form various biomass and 
microorganisms. Methanol is regarded as the safe fuel due to low toxicity and higher bioconversion 
rate (Malcolm 1999).It has also greater octane number than gasoline (Fatih et al. 2011), Thus, it is 
considered as the promising alternative fuel future fuel crisis. 

Production for biomethanol 
Conversion of biomass into methanol is done by two important methods like Thermochemical process 
and Biochemical process. The former deals with gasification process converting waste biomass into   
synthesis gas (syngas) which is then converted into methanol by suitable catalyst at high temperature 
and pressure. Production of biomethanol from sugar cane bagasse and corncob were 5.93% and 0.67% 
respectively (Chia 2011). Also, production of biomethanol from bio-oil has been detected from CO-
rich bio-syngas (Xu et al. 2011). 

 
Fig. 1. Biomass conversion into biomethanol 
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Biochemical methods help the utilization of waste biomass and then anaerobic digestion to methane 
which is converted into biomethanol by the help of methanotropic bacteria. A simplified biochemical 
version of biomass conversion into biomethanol is shown in fig.1. Agro-residues crop residues and by-
products such as husks, straw, bagasses are considered as the important sources for biomethanol 
production. Methanotrophic bacteria has focused for conversion of methane for sole source of carbon 
and energy to methanol. As far processing of pineapple is concerned, about 60% of the weight of the 
original pineapple fruit were regarded as the by-products being not utilized (Singh et al 2018) which 
can also be utilized for obtaining value added products.  Exploitation of microbe towards biomethanol 
production has been absorbed since last 3 decades (Hanson and Hanson 1996). Lignocellulose 
materials act as the valuable source  for hexose and pentose sugars those can be explored for biofuels, 
chemicals  production. (Wassel and  Dittmer 2005). There are two categories of methanotrophs based 
on the conversion efficiency of methane. Through the catalytic function of methane monooxygenase 
(MMO) enzymes, such microbes aid helps conversion of methane into methanol by oxidation process. 
More extensive research  for biomethanol production by these microbes can attain the maximum 
recovery of biomethanol. 

Conclusion 
Microbial biomass with waste biomass can support a sustainable source for future biofuel production.  
Methanol has many applications in energy, fuel and chemical sectors. Waste biomass is regarded as 
alternative source for production of biomethanol by methanotropicbacteria  via  methane. 
Bioprocessing of waste biomass through microorganisms towards biomethanol have many challenges 
for large scale recovery. Novel strain and standardization of cultural conditions may fulfil the 
problems of the final recovery of biomethanol. Thus, process developments for large-scale production 
of methanol are the focus for future applications in fuel and chemical sectors. 
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CHAPTER-10 

CONSOLIDATED BIOPROCESSING 
SYSTEM AT A GLANCE 

 
Prakash Kumar Sarangi 
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Abstract 
Diminishing petroleum sources and adverse environmental effects have forced to explore an 
alternative and renewable energy options around the globe. Hence clean emerging technologies for 
conversion of waste biomass into liquid and gaseous biofuels can be focussed for extenuation of 
energy crisis in future. In this context, lignocellulosic biomass being mostly inexpensive and 
renewable natural resource can be used for future energy sources as second generation of biofuel. 
Consolidated bioprocessing (CBP) has gained a good option for production of biofuels by combining 
enzyme production, hydrolysis and fermentation in single step operation. Use of Consolidated 
bioprocessing is discussed along with its perspectives. 

Keywords: lignocellulosic biomass, Biofuel, Consolidated bioprocessing, fermentation 
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Introduction 
Production of renewable fuels has been increasing due to the rising fuel prices, huge demand for fossil 
fuels, greenhouse gas (GHG) emissions, and global warming. The rapid increase for global energy 
demands and the diminishing energy resources have forced researchers toward finding new 
alternative, cleaner, renewable and sustainable energy resources (Chu and Majumdar, 2012). 
Renewable energy systems can meet the energy supply requirement by improving other parameters 
like food, economic, energy, and environmental security also (Yilman and Selim 2013). Waste  
biomass in particular, are the most abundant, renewable, and economical carbon sources that have the 
potential to substitute the food based biomass for large amounts of petroleum used for fuels and 
chemical production (Wen et al 2009). Lignocellulosic biofuel is gaining consideration as a potential 
future transportation fuel and significant research is focused on developing eco-friendly and 
economical technologies (Perlack et al, 2005). The vital emphasis has been on developing 
technologies to recover the chemical energy in the form of liquid fuels from plant-based residues and 
other organic wastes. Some examples of residues and by-products are  agro-residues such us cereals 
straw, corn cobs, cotton stalks,  sugarcane bagasse, coconut and banana residues, rice husks etc. 
including the  processing by products from cereals (Sarangi et al 2017). 

Lignocellulosic biomass is obtained from four major sources like 1) Agricultural residues (2) Forest 
residues (woods, branches, foliage, etc.), 3) Energy crops and 4) Cellulosic waste. The lignocellulosic 
biomasses have a tendency to achieve energy security and reduce GHG emissions.  Lignocellulosic 
materials also include the residues, from various processing sources. lignocellulosic biomass  acts as 
attractive substrate for sustainable production of second-generation bioalcohols along with filling  
competition gaps for fuels and food. Being most widespread and abundant source of carbon, these 
satisfy the world’s energy and chemicals needs in a renewable manner (Hill et al 2006). This chapter 
describes the outline for production of future biofuel through CBP process. 

Consolidated bioprocessing (CBP) Process 
There is a great task for bioconversion of lignocellulosic biomass into bioalcohols by reducing the cost 
of production. Improvements of biomass conversion technologies such as simultaneous 
saccharificationand fermentation (SSF) and simultaneous saccharification and co-fermentation(SSCF) 
can be useful in production of bioalcohols. But the goal would be a one-step conversion of  
lignocellulose to bioethanol, which is achieved by consolidated bioprocessing (CBP). In this regard, 
Consolidated bioprocessing (CBP) would be most accepted  bioconversion technology due to low-cost 
biomass processing and  economic benefits of process integration (Hahn-Hägerdal et al,  2007) 
avoiding the  need of high costs of enzymes (Kazi et al, 2010).  In CBP, four processes like (i) 
production of depolymerising enzymes (cellulases and hemicellulases), (ii) hydrolysis of pretreated 
biomass, (iii) fermentation of the hexose sugars present, and (iv) fermentation of pentose sugars are 
combined to produce ethanol (Lynd et al, 2002). CBP decreases operating cost, increases conversion 
efficiencies, and reduces by-product inhibition.  Some bacteria and fungi have shown few desirable 
properties for CBP. 

Consolidated Bioprocessing system 
There are different ranges of microorganisms found in nature having enzymes to hydrolyse the 
polysaccharides in lignocelluloses. But for hydrolysis of polysaccharides and fermentation of the 
liberated sugar to a desired product  by  native organism is still in progress (Hahn- Hägerdal et al, 
2006). Hence, it is very essential for development  of a potential strain to  convert the lignocellulose 
into future biofuel in the contecxt of CBP (Alfenore et al, 2002). Many organisms have broad substrate 
ranges of  cellulolytic and/or hemicellulolytic abilities but, some organisms have high product 
formation ability but lack the hydrolytic activities on wide range of cellulose and hemicellulose. The 
ideal CBP organism should possess some characteristics like inhibitor tolerance, GRAS (Generally 
Regarded as Safe) property, minimal nutrient requirement and of low pH and high temperature 
tolerance. Hence, A CBP organism is a single biocatalyst for the direct conversion of pre-treated 
lignocellulosic material into bioethanol (Zaldivar et al 2001). Genetic engineering of competent 
commercial fermentation microorganisms to show a cellullolytic system and facilitate the pre-
fermentation stage in vivo (Zhang et al, 2009, Bokinsky et al, 2011, Zhang et al, 2011). 
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Fig.1. An outline for CBP process 

Clostridium. phytofermentans ATCC 700394 was used as CBP organism for ethanol production from 
AFEX-treated corn stover (Jin et al. 2011). However, contrasting to other microorganisms like C. 
thermocellum, C phytofermentans  have the ability for consumption of  most of the sugars present in 
lignocellulosic biomass. This strain could hydrolyze 76% and 88.6% of glucan and of xylan 
respectively. When AFEX-treated corn stover was used as sole carbon source, Glucan and xylan 
conversion were recorded at 48.9% and 77.9%, respectively, and ethanol concentration was found  7.0 
g/l after 264 h (Jin et al, 2012a).  Yeast biomass  well established industrial microorganism for ethanol 
production, but lacking the hydrolytic activities for conversion of pretreated cellulosic component of 
biomass into simple sugar. But having  ethanolgenic nature, yeast can be utilized as CBP agent. Most 
ethanol-fermenting microorganisms prefer mesophile conditions (28 °C to 37 °C) for ethanol 
production, On the other hand maximum activity of cellulases occurs at a range of temperatures (50 
°C). 

The major bottlenecks in the butanol production from lignocellulosic biomass is that  toxicity of 
butanol that results in low final butanol titer levels. In this context, CBP is regarded as an efficient and 
economical process for butanol production from low-cost biomass. A genetically-engineered single 
microorganisms must be  developed and adapted  to utilize lignocellulose to produce butanol. 

Conclusion 
Biofuel generation from lignocellulosic biomass has been used as alternative substitute of fossil fuels 
due to abundancy, low cost, and less environmental impact.  However, biofuel yield from biomass 
faced a lot challenges during production. Bioconversion technologies acting as the crucial role for the 
conversion of renewable wastes materials into biofuels can be explored in framework of cost benefit 
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analysis having higher yield. CBP supports the lowest cost route for biological conversion of 
cellulosic biomass to fuels having hydrolysis and fermentation in one a single step.  Future studies in 
this aspect will definitely bring better results for maximum recovery of biobutanol. 
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