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Abstract – Fuel ethanol production still represents many technological challenges, due mainly 
to the implicit complexity and costs of feedstock and other inputs. However, this process has been 
implemented at different scales, including the commercial one, through tax exemptions or 
subsides, which seek to lower production costs. In this article main feedstocks for ethanol 
production are discussed considering their production, advantages and drawbacks. The 
importance of conditioning and pretreatment as decisive process steps for conversion of 
feedstocks into ethanol is highlighted. Main methods for conditioning and pretreatmen are 
presented as well as the enzymatic procedures for starch hydrolysis. The need of pretreatment of 
lignocellulosic biomass is analyzed considering the complexity of this type of raw material. 
Several methods for pretreatment and detoxification of biomass are briefly described. The 
difficulties related to the enzymatic hydrolysis of cellulose are analyzed considering the enzyme 
complexes employed and the presence of solid particles in the reaction mixture. Main 
fermentation and concentration technologies for ethanol production are discussed. Ethanol 
dehydration technologies, including the most perspective, are disclosed as well. Finally, some 
environmental aspects of ethanol production are highlighted. Copyright © 2009 Praise Worthy 
Prize S.r.l. - All rights reserved.     
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Nomenclature 
Abbreviations 

HMF  Hydroxymethylfurfural 
LHW  Liquid Hot Water 
CSTR Continuous Sirred -Tank Reactors  
VHG  Very High Gravity 
SHF  Separate Hydrolysis and Fermentation 
DDGS   Distiller’s Dried Grains with Solubles 

I. Introduction 
Considering the very probable depletion of liquid 

fossil fuels towards 2090, and the start of declination of 
oil production in 2020-2030, the humankind will face the 
huge challenge of maintaining its economic growth and 
stable technological development without compromising 
the welfare of the future generations (sustainable 
development). In addition, the life quality of the people 
from developing and underdeveloped countries should be 
improved without compromising the life level of people 
in developed nations. Kosaric and Velikonja [1] point 
out that the solution to this problematic situation depends 
on how the mankind develops and implements viable 
technologies for the industry, transport sector and 
heating based on alternative (renewable) fuels and 
feedstocks as well as ensuring the availability of 
sufficient amounts of renewable resources (energy and 
raw materials).  

Furthermore, the man should develop and implement 
technologies for reducing the environmental pollution 
and CO2 emissions. For this reason, the renewable 
energies may partially or totally substitute the fossil 
fuels, especially if the humankind does not choose the 
dangerous pathway towards the global development of 
nuclear energy as a primary source of energy. 

One renewable solution in the search of alternative 
sources of energy for the humankind consists in the use 
of solar energy in the form of biomass (bioenergy). The 
global potential of bioenergy is represented by the 
energy-rich crops. Which comprise those crops that 
could be exclusively addressed to the energy production 
either as solid fuels for electricity generation or as liquid 
biofuels that can substitute the fossil fuels (bioethanol, 
biodiesel).  

Bioethanol (ethyl alcohol, fuel ethanol) is the most 
used liquid biofuel in the world. Ethanol can be directly 
employed as a sole fuel in vehicles or as gasoline 
oxygenate increasing its oxygen content and allowing a 
better hydrocarbon oxidation that reduces the amount of 
aromatic compounds and carbon monoxide released into 
the atmosphere. For this reason, the market of fuel grade 
ethanol (FGE) is the market with the most rapid growth 
rate in America and Europe.  

Among the bioenergy crops used for fuel ethanol 
production, sugarcane is the main feedstock utilized in 
tropical countries like Brazil and India. In North America 
and Europe, fuel ethanol is mainly obtained from starchy 



 
C. A. Cardona, J. A. Quintero, Ó. J. Sánchez 

Copyright © 2009 Praise Worthy Prize S.r.l. - All rights reserved                                        International Review of Chemical Engineering, Vol. 1, N. 6 
Special Section on First workshop on biofuels and environment 

582 

materials, especially corn.  
Different countries like the USA and Sweden have 

defined strategic policies for the development of this 
technology in order to produce large amounts of  
renewable biofuels and diminish their dependence on 
imported fossil fuels. However the possible land 
competition between food and biofuels is not often 
regulated by the Government, being considered the 
market law as the natural judge for this kind of 
competition. But the technology for ethanol production 
from non-food plant sources is being developed rapidly 
so that large-scale production will be  

a reality in the coming years [2], [3]. Moreover, using 
non-food raw materials, food security is not affected by 
this industry improving its social and environmental 
impacts. The bottle neck of lignocellulosic biomass is the 
access (including transport costs), pre-treatment cost for 
breaking its complex structure and the production of 
non-desired products that can inhibit the enzymes and 
microorganisms activities during hydrolysis and 
fermentation steps.  

The so-called lignocellulosic biomass includes 
agricultural, forestry and municipal solid residues as well 
as different residues from agro-industry, food industry 
and other industries. The lignocellulosic biomass is made 
up of complex biopolymers that are not used for food 
purposes. The main polymeric components of biomass 
are cellulose, hemicelluloses and lignin. For their 
conversion into a liquid biofuel as the ethanol, a complex 
pretreatment process is required in order to transform the 
carbohydrate polymers (cellulose and hemicellulose) into 
fermentable sugars. In contrast, for electricity generation, 
only the combustion of the biomass is needed. 

Nowadays, great efforts are being done to diminish 
the production costs of lignocellulosic ethanol. It is 
expected that the evolution of biomass conversion 
technologies allow the massive oxygenation of gasoline 
with fuel ethanol and make possible the substitution of a 
significant portion of fossil fuels considering the huge 
availability of lignocellulosic worldwide [4]. The aim of 
this work is to highlight current drawback of feedstocks 
and technologies for production of fuel ethanol and to 
expose the challenges that researches must to face for 
doing of fuel ethanol production a suitable and 
competitive process. 

II. Feedstocks 
Currently, worldwide production of fuel ethanol 

production is carried out by using sugar-containing or 
starch-containing materials. Lignocellulosic biomass as 
feedstock for bioethanol production has gained interest 
due to the recent demand for second generation biofuels. 

II.1. Sugars 

Bioethanol can be produced from raw materials 
containing fermentable sugars, especially sucrose 

containing feedstocks like sugarcane or sugar beet. 
Sugarcane is the main feedstock for ethanol production 
in tropical countries like Brazil, India and Colombia. 
This feedstock can be used either in the form of cane 
juice or cane molasses. About 79% of ethanol produced 
in Brazil comes from fresh sugarcane juice and the 
remaining fraction corresponds to cane molasses [5]. 
Sugarcane molasses is the main feedstock for ethanol 
production in India [6]. Cane molasses and different 
sugar-containing streams like syrup and B-type cane 
juice are used for producing bioethanol in Colombia. 
Beet molasses are the main feedstock for ethanol 
production in France along with wheat [7]. 

The technology for fuel ethanol production from 
sugar-rich materials (mostly sucrose offers multiple 
alternatives regarding the employ of feedstocks 
generated within the sugar mills. For instance and 
besides the cane juice and molasses, Colombian 
distilleries uses part of the clarified syrup. In this way, a 
great flexibility for production of both sugar and ethanol 
is attained exploiting the integration of the different 
sugar-rich stream during sugar processing. For sugar 
mills, this flexibility allows responding in a suitable way 
to the changes and needs of both ethanol and sugar 
markets. 

In the case of ethanol production facilities using sugar 
beet, both the diffusion juice and beet molasses can be 
employed for producing bioethanol. The production of 
fuel ethanol directly from the beet juice is a non-viable 
technological option for most countries producing sugar 
from sugar beet due to the higher costs of the juice 
produced and to the need of covering their domestic 
sugar demands as in the case of European countries and 
North America. For these countries, ethanol is mostly 
produced from corn, wheat and other grains. In fact and 
according to [7], there exist no stand-alone distilleries 
producing ethanol from beet juice in France, the first 
ethanol producer from sugar beet. Instead of that, the 
distilleries are co-located next to sugar mills.  

II.2. Starch 

The starch is the most abundant carbohydrate in the 
nature after the lignocellulosic complex and is present in 
high amounts in very important crops for human food 
like corn, wheat, potato, cassava, rye, oats, rice, sorghum 
and barley. About 54 mill ton per year of starch are 
produced with industrial purposes, from which 55% 
corresponds to the United States. From the total 
produced starch, 44.1 mill ton come from corn, 2.6 mill 
from cassava and rice, and 2.8 mill from potato [8]. 

As the starch is a polymer exclusively composed by 
glucose residues, it has become a very important 
feedstock for ethanol production. For this, the 
breakdown of starch into glucose with the subsequent 
conversion of glucose into ethanol using appropriate 
fermenting microorganisms is required. The grains are 
the feedstock most used for ethanol production from 
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starchy materials especially corn and wheat, though 
bioethanol production from rye, barley, triticale [9], and 
sorghum [10] have been reported. Besides the grains, 
some tubers offer significant starch contents like the 
cassava and potatoes. In a similar way, the production of 
ethanol from sweet potatoes, eddoes, yam has been 
repoted [11], [12]. 

The corn (Zea mays) is the most employed feedstock 
in the world to produce starch either for food industry or 
for ethanol production. After the corn, the wheat 
(Triticum spp.) is the most employed grain for fuel 
ethanol production especially in Europe and North 
America due to its high starch content. In particular and 
besides sugar beet, the wheat is the main feedstock for 
ethanol production in France [13]. 

The sorghum (Sorghum bicolor) is other grain 
proposed for ethanol production. One of the features of 
sorghum as feedstock for ethanol production is the 
presence of significant amounts of tannins. These tannins 
provoke the decrease in the ethanol production rate 
during fermentation process, although they do not affect 
neither the ethanol yield, nor the enzymatic hydrolysis of 
starch contained in sorghum [14]. One of the most 
promising crops for fuel ethanol production is the sweet 
sorghum, which produces grains with high starch 
content, stalks with high sucrose content and leaves and 
bagasse with high lignocellulosic content [15]. 

The importance of cassava cropping from the 
viewpoint of its agro-industrial applications lies in its 
high potential for energy production in the form of 
starch. Espinal et al. [16] report that the employ of 
improved seeds, fertilizers and a suitable weed control 
allows producing 20-30 ton/Ha of fresh roots and 10-12 
ton/Ha of dried cassava in zones where other starch-
producing crops like corn, sorghum or rice do not reach 
yields above 4 or 5 ton/Ha. 

II.3. Lignocellulosics 

The lignocellulosic complex represents the most 
abundant biopolymer in the Earth and constitutes the 
main component of a great variety of wastes and residues 
from domestic and industrial activities of the man. 
Moreover, it is present in such profuse biological 
materials like wood, grass, straw and forage. Due to its 
immediate origin in a biological process, this biopolymer 
complex has received the name of lignocellulosic 
biomass. Being the most plentiful material in the 
biosphere, the employ of the lignocellulosic biomass will 
allow the production of a valuable biofuel like the 
bioethanol as well the economic exploitation of a wide 
range of potential feedstocks resulting from the 
domestic, agricultural and industrial activities. 

The lignocellulosic biomass is made up of very 
complex biopolymers that are not used in human food. 
For its conversion into ethanol, a complex process of 
pretreatment and hydrolysis in order to transform the 
carbohydrate polymers (cellulose and hemicellulose) into 

fermentable sugars. The interaction and combination 
between the hemicellulose and lignin provide a covering 
shell to the cellulose making its degradation more 
difficult.  

In dependence on their origin, the most promising 
lignocellulosic materials regarding their conversion into 
fuel ethanol can be classified into seven big groups: 
agricultural residues, agro-industrial residues, hardwood, 
softwood, herbaceous biomass, cellulosic wastes, and 
municipal solid waste (Table I). The agricultural residues 
comprise those lignocellulosic materials derived from the 
cropping and harvesting of plant species with economic 
importance. In particular, the exploitation of cereal 
plantations implies the generation of a great volume of 
residues, among which the straw should be highlighted. 
The straw is the dried, crushed or not crushed; material 
coming from plants of family of Gramineae once it is 
separated from the grain. The straws most evaluated for 
ethanol production purposes are wheat straw, rice straw, 
and barley straw. The agro-industrial residues refer to the 
by-products and wastes generated during the commercial 
transformation of agricultural crops. The bagasse should 
be highlighted among these residues. The most studied 
agro-industrial residue is the sugarcane bagasse, the 
fibrous residue obtained after juice extraction during the 
milling step of sugarcane. Other materials belonging to 
this category are corn stover and olive stone and pulp. 

The materials having origin in hardwood constitute a 
separate group of lignocellulosic feedstocks. These 
materials comprise not only the wood itself, but also its 
derivatives like sawdust, shavings, and the collected 
biomass resulting from forestry activities like branches, 
stalks and trunk pieces. The wood obtained from trees of 
the angiosperm species like poplar, eucalyptus, aspen, 
oak, maple, birch, rosewood, and mahogany belong to 
hardwood. The softwood, in turn, comprises the wood of 
conifers. The wood from trees of the gymnosperm 
species like pine, fir, spruce, larch, and cedar can be 
included in this group. Softwood has higher lignin 
content than hardwood. The herbaceous biomass refers 
to the materials coming from herbaceous plants, i.e. 
those plants not generating wood. The grasses are plants 
that present neither woody stems nor woody roots. In 
general, their stems are green. The most studied 
herbaceous biomass for ethanol production purposes 
comprises different types of grasses like switchgrass, 
used in North America for hay production, alfalfa hay, 
reed canary grass, coastal Bermuda grass, and timothy 
grass that cover almost two thirds of the livestock 
meadows in USA. These herbaceous plants have a great 
importance since they grow very fast and have reduced 
nutritional requirements. Thus, these plants are excellent 
candidates for their exploitation as crops dedicated to 
bioenergy production. Among the cellulosic wastes are 
such residues resulting from industrial activities, mostly 
related to paper processing, which have an elevated 
content of cellulose compared to other types of 
lignocellulosic biomass.  
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TABLE I 
CLASSIFICATION OF SOME MATERIALS WITH HIGH LIGNOCELLULOSIC CONTENT  

Agricultural 
residues 

Agro-industrial 
residues 

Hardwood Softwood Cellulosic wastes Herbaceous 
biomass 

Municipal solid 
waste

Wheat straw, rice 
straw, and barley 

straw 

Sugarcane 
bagasse, fibrous 
of sugarcane or 
extraction juice, 
sweet sorghum 
bagasse, corn 

stover, and olive 
stone and pulp

Eucalyptus, 
aspen, oak, maple, 
birch, rosewood, 
and mahogany 

Pine, fir, spruce, 
larch, and cedar 

Newspaper, waste 
office paper, 
paper sludge 

Switchgrass, 
alfalfa hay, reed 

canary grass, 
coastal Bermuda 

grass, and timothy 
grass 

Wasted paper, 
cardboard, fruit 
and vegetable 
peels, garden 
residues, and 
wood items 

 
As examples of this group, newspaper, waste office 

paper, and paper sludge, one of the effluents of plants for 
paper recycling, should be highlighted. Finally, the 
organic fraction of municipal solid wastes are composed 
of materials with high lignocellulosic content like wasted 
paper, cardboard, fruit and vegetable peels, garden 
residues and wood items, among others. 

The composition of lignocellulosic biomass, 
expressed as the proportion of cellulose, hemicellulose 
and lignin, depends on its origin though some similarities 
can be observed in dependence on the group to which 
belongs every material in particular. The composition of 
several representative lignocellulosic materials has been 
presented by [17]. From the large variety of 
lignocellulosic materials that have been proven for fuel 
ethanol production, those with higher availability and 
production volume have been defined as the most 
promising. Logically, this selection is made based on the 
context of each region and country. The challenges 
related to feedstocks for fuel ethanol production consists 
main in founding non-food competitive sources with 
high availability and simple collection. 

III. Pretreatment 
III.1. Sucrose-Containing Feedstocks 

Sucrose-containing feedstocks for ethanol production 
represent concentrated solutions of sugars. In this sense, 
these raw materials are almost ready for microorganisms 
to convert them into ethanol. However, some substances 
contained in these solutions can have an inhibitory effect 
on fermenting microorganisms. Thus, the presence of 
potential inhibitors is difficult to handle but they should 
be removed or their concentrations should be reduced in 
order to improve the subsequent fermentation 
performance. In the particular case of molasses, they 
should be diluted and conditioned for them to be used as 
the main component of fermentation media. 

III.2. Starchy Materials 

When cereals are used for producing fuel ethanol, the 
feedstock enters the process in form of grains, which 
should undergo some preliminary operations like 
washing and milling. The milling of cereal grains like 
corn, wheat and barley can be carried out either by the 
wet-milling process or dry-milling process. Wet-milling 

technology implies that only the starch enters the process 
for fuel ethanol production once it is separated from the 
rest of the grain components. In the case of corn, these 
components represent value-added products employed 
mostly for animal feed and human food. Moreover, part 
of the starch can be deviated towards the production of 
sweetening syrups like the high-fructose corn syrup. 
During the dry-milling of cereals, the whole grain enters 
the ethanol production line that means that all its 
components are processed along with starch. The non-
utilized components are accumulated in the bottoms of 
the first distillation column and are concentrated as a co-
product employed in animal feed. The starch from the 
ground grain should be gelatinized since the granules of 
native starch are not susceptible to enzymatic attack.  

The resulting slurry undergoes instantaneous cooking 
in order to complete the gelatinization process, i.e. to 
reach the total solubilization of starch components 
(amylose and amylopectin) and the release of all 
fermentable substances [18]. During the liquefaction, 
thermoresistant α-amylase is used in order to hydrolyze 
in a preliminary way the starch slurry that allows 
abruptly decreasing the viscosity and improving the 
system operation. Moreover, this hydrolysis process 
allows avoiding starch retrogradation that is a latent 
danger since the amylose and amylopectin are dissolved 
in the system. Again and with the aim of preventing 
undesired secondary reactions, the liquefaction is 
accomplished in such a way that a minimum amount of 
starch is hydrolyzed avoiding its conversion into other 
non-fermentable substances before the fermentation is 
started [19]. 

III.3. Lignocellulosic Materials 

The lignocellulosic biomass represents the most 
abundant source of fermentable sugar in the nature not 
only for fuel ethanol production, but also for producing a 
wide range of fermentation products like additives for 
food industry, industrial chemicals, components of 
balanced animal feed, pharmaceuticals, etc. But to utilize 
this renewable resource in the production of most of the 
mentioned products, the lignocellulosic biomass should 
be previously pretreated, i.e. the lignocellulosic materials 
should be suitably processed in such a way that their 
constituent sugars and polysaccharides are susceptible to 
the action of hydrolytic enzymes as well as of fermenting 
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microorganisms. Complexity of lignocellulosic biomass 
structure was recognized considering that the lignin and 
hemicellulose form a sort of seal covering the 
polysaccharide with the highest potential to release 
glucose, the cellulose. In addition, it should be 
emphasized that most of cellulose in biomass has a 
crystalline structure derived from the longitudinal 
alignment of its linear chains. In the crystalline cellulose, 
the polysaccharide-polysaccharide interactions are 
favored and the polysaccharide-water interactions are 
reduced so this biopolymer is insoluble in water. The 
hemicellulose chains establish hydrogen bonds with the 
cellulose microfibers forming a matrix reinforced with 
lignin. Precisely, the lignin presence makes that the 
lignocellulosic complex cannot be directly hydrolyzed 
with enzymes. 

In this way, factors like the crystallinity degree of 
cellulose, available surface area (porosity of the 
material), protection of cellulose by the lignin, pod-type 
cover offered by the hemicellulose to the cellulose, and 
heterogeneous character of the biomass particles 
contribute to the recalcitrance of the lignocellulosic 
materials to the hydrolysis. In addition, the relationship 
between the biomass structure and its composition adds a 
factor implying even more variability exhibited by these 
materials regarding their digestibility [20]. Therefore, the 
pretreatment step of the lignocellulosic complex has the 
following goals: breakdown of the cellulose-
hemicellulose matrix; reduction of the crystallinity 
degree of cellulose and increase of the fraction of 
amorphous cellulose; hydrolysis of hemicellulose; 
release and partial degradation of lignin and increase of 
the biomass porosity. 

In addition, the pretreatment should contribute to the 
formation of sugars (hexoses and pentoses) through the 
hemicellulose hydrolysis or to the ability to form glucose 
during the subsequent enzymatic hydrolysis of cellulose. 
The pretreatment should also avoid the formation of by-
products inhibiting the subsequent bioprocesses. As a 
complement, the pretreatment avoids the need of 
reducing the biomass particle size, a very energy 
consuming process. The efficiency of this process is 
evidenced by the fact that, when the biomass is not 
pretreated, glucose yields during the following cellulose 
hydrolysis step are less than 20% of theoretical yields 
whereas the yields after the pretreatment often exceed 
90% of the theoretical yield [23]. In this way, the 
pretreatment is a crucial step during the overall process 
for fuel ethanol production from lignocellulosic 
materials. However, the pretreatment is one of the most 
expensive steps: the unit costs of pretreatment can reach 
30 cents per gallon of produced ethanol (about 
US$0.08/L EtOH) according to [21]. Nevertheless, the 
improvement of pretreatment has a great potential to 
reduce its costs and increase the efficiency of the overall 
process. Different methods have been developed for 
pretreatment of lignocellulosic biomass, which can have 
physical, chemical, physical-chemical, or biological 

nature [17], [22]. The evaluation of each one of these 
methods is related to whether they meet all the goals 
mentioned above, in addition to other features involving 
techno-economic criteria like the cost of the agent or 
catalyst employed, possibility of recycling the agents or 
catalysts involved, degree of technological maturity of 
each method, possibility of generating lignin as a co-
product, and ability of each method to be applied to the 
maximum possible amount of lignocellulosic materials. 

The dilute-acid pretreatment is the most studied 
method in the world along with steam explosion since 
they have a major probability to be implemented at 
industrial scale in the near future. In fact, the utilization 
of dilute acids is considered as one of the most mature 
technologies compared to the rest of biomass 
pretreatment methods. The main advantage of this 
method compared to steam explosion is the higher 
recovery of sugars derived from the hydrolyzed 
hemicellulose. In the case of hardwood, about 80% of 
sugars can be recovered using dilute sulfuric acid while 
this recovery does not reach 65% when steam explosion 
is used [23]. The higher the sugars recovery, the greater 
the monosaccharide content in the liquid fraction 
resulting from the pretreatment. This liquid fraction can 
be employed as a culture medium for pentose-
assimilating yeasts, or can be added to the bioreactor 
where the fermentation of cellulose hydrolyzates is 
accomplished as an additional sugar source. Other 
perspective method is the pretreatment by liquid hot 
water (LHW). In particular, steam explosion and LHW 
processes have been compared in the case of poplar 
biomass obtaining better results for the latter method 
[24]. In general, it is considered that the most efficient 
and promising methods are dilute-acid pretreatment, 
steam explosion with addition of acid catalysts, and 
LHW method [25]. 

IV. Detoxification 
During the pretreatment of lignocellulosic biomass 

and along with fermentable sugars, a significant amount 
of compounds that can seriously inhibit the subsequent 
fermentation process are formed [26].  

Inhibitory substances are generated as a result of the 
hydrolysis of extractive components, organic and sugar 
acids esterified to hemicellulose (acetic, formic, 
glucuronic, galacturonic), and solubilized phenolic 
derivatives.  

In the same way, inhibitors are produced from 
degradation products of soluble sugars (furfural, HMF) 
and of lignin (cinnamaldehyde, p-hydroxybenzaldehyde, 
syringaldehyde), and as a consequence of corrosion 
(metal ions) [23], [27], [28]. 

In general, the liquid stream resulting from 
pretreatment undergoes detoxification. This stream 
basically represents the hemicellulose hydrolyzates. The 
solid fraction containing cellulose and lignin is washed 
with water in order to remove all the soluble substances 
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including the inhibitors. The resulting washing water is 
mixed with the hemicellulose hydrolyzates to obtain a 
liquid medium that can be employed for alcoholic 
fermentation or for producing other substances by 
microorganisms. Detoxification of the hemicellulose 
hydrolyzate is required especially when parallel 
fermentations are carried out. This is explained by the 
fact that pentose-assimilating yeasts are very sensitive to 
the presence of inhibitors. The methods used for 
detoxification can be physical, chemical or biological.  

The physical methods employed to remove toxic 
substances for the subsequent fermentation are based on 
the separation of these inhibiting compounds by 
techniques like evaporation, extraction or adsorption. 
The detoxification by solvents employs extractive agents 
like different organic solvents. The detoxification with 
supercritical fluids has been proposed for extracting the 
inhibitors as well [29]. The chemical methods of 
detoxification are based on the addition of certain 
chemical compounds that vary the conditions of the 
aqueous medium provoking changes in the pH, 
formation of precipitates, or the direct transformation of 
the toxic compounds. Among these methods, the ionic 
interaction of the ionic exchange resins can be included 
in this group of detoxification methods. Alkaline 
treatment is considered one of the best detoxification 
methods since substances like furaldehydes and phenolic 
compounds can be removed in a high percentage by this 
method improving the fermentability of the resulting 
liquid medium especially when biomass hydrolyzates 
pretreated with dilute acid are employed [30]. 

Different methods of detoxification that combine 
physical and chemical principles have been proposed like 
the neutralization with CaO or Ca(OH)2 followed by the 
addition of activated carbon and filtration to remove the 
acetic acid [31]. The enzymatic detoxification is one of 
the new methods tested for inhibitors removal. For this, 
the phenoloxidase laccase is employed. This enzyme 
oxidizes the phenolic compounds derived from lignin. 
Other alternative biological methods involving 
microorganisms (microbial detoxification) have been 
proposed. For instance, in the case of dilute solutions 
resulting from biomass pretreated by pyrolysis, a biofilm 
reactor with a mixed culture of aerobic bacterial cells 
naturally immobilized on a plastic composite support has 
been used [32]. 

V. Hydrolysis 
The hydrolysis of glucans is a significant source of 

fermentable sugars for fuel ethanol production. The most 
important glucans in ethanol industry are starch and 
cellulose. 

V.1. Starch Saccharification 

The utilization of enzymes to breakdown the starch 
has some advantages over the hydrolysis with acids. In 

the latter case, strong conditions are required to achieve 
the degradation of starch (150°C, pH of 1.5-1.8). The 
amylolytic enzymes work under milder conditions 
(temperatures lower than 110°C, neutral pH) with the 
corresponding energy savings. In addition, the enzymatic 
process does not generate compounds resulting from 
degradation or oxidation of sugars due to the very high 
specificity of the enzymes. For these reasons, the 
industry of sweeteners already does not use the acid 
hydrolysis of starch. Main amylases employed for starch 
hydrolysis at industrial level are from bacterial and 
fungal origin though some plant enzymes are eventually 
used. This enzyme randomly hydrolyzes the α(1,4) 
glycosidic bonds within the chains of both amylose and 
amylopectin. For this enzyme to attack the starch, the 
previous gelatinization of starch should be carried out. 
Thus, the broken starch granules release the amylose and 
amylopectin and the enzymatic action can be started. The 
α-amylase can support high temperatures up to 110°C 
keeping its activity so it is ideal for starch liquefaction 
process. 

The glucoamylase (amyloglucosidase) is the other 
most employed enzyme in starch-to-ethanol process. 
This enzyme is generally obtained from Aspergillus 
niger or species of Rhizopus genus [12], [33], [34]. The 
glucoamylase is an exo-enzyme that hydrolyzes the 
α(1,4) bonds from the non-reducing ends of amylose or 
amylopectin chains forming glucose. Unlike α-amylase, 
most glucoamylases has the ability to hydrolyze the 
α(1,6) bonds in branching points of the amylopectin 
though the hydrolysis rate of this bond is 15 times lower 
than for the α(1,4) bonds [18], [35]. The steps related to 
the starch degradation are responsible for 10-20% of the 
energy consumption of ethanol process in the case of 
fuel ethanol produced from starchy materials. One 
potential option to minimize this high amount of energy 
is the substitution of enzymatic hydrolysis technologies 
in liquid media at high temperatures with technologies 
involving the starch hydrolysis using amylases working 
at low temperatures in solid phase. This approach would 
make possible the “cold hydrolysis” of the native starch 
[36]. For this, the discovery and characterization of new 
enzymes displaying these properties are required [37]. 
Some microorganisms like the bacterium Clostridium 
thermohydrosulfuricum have the ability to digest non-
gelatinized starch and convert it into ethanol at 66°C. 
However, the productivities attained are too low [38]. 

V.2. Cellulose Saccharification 

The yeast Saccharomyces cerevisiae and the 
bacterium Zymomonas mobilis are not able to directly 
utilize the cellulose for ethanol production. In general, 
these microorganisms have the highest probability to be 
employed in an industrial process for conversion of 
lignocellulosic biomass into fuel ethanol. For this reason, 
a step for cellulose hydrolysis (saccharification) to obtain 
a fermentable solution of glucose is required in an 
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analogous way to the starch saccharification. As in the 
case of starch, the cellulose can be hydrolyzed with the 
help of acids either dilute or concentrated. If dilute acids 
are used, temperatures of 200-240ºC at 1.5% acid 
concentrations are needed in order to hydrolyze the 
crystalline cellulose, but the degradation of glucose into 
HMF and other non-desired products is unavoidable 
under these conditions. In a similar way, xylose is 
degraded into furfural and other compounds [39]. H2SO4 
and HCl have been historically used with these purposes 
[40], [41]. The hydrolysis of cellulose with concentrated 
acids allow achieving glucose yields near 90%, but in 
this case, the recovery of the acid is a key factor in the 
process economy [42]. Several configurations for 
separation of formed glucose and recovery of employed 
acid have been proposed. Among the early procedures 
suggested, the lime addition, ionic exclusion columns 
based on commercial resins [43], or electrodialysis [44] 
can be highlighted. Concentrated acid processes using 
30-70% H2SO4 have higher glucose yield (90%) and are 
relatively fast (10-12 h) although the amount of used 
acid is a critical economic factor. By continuous ionic 
exchange, it is possible to recover over 97% of the acid 
[42]. In general, the acid hydrolysis of cellulose implies 
high energy costs and the construction of reactors 
resistant to the corrosion increasing, in this way, the 
capital costs. From viewpoint of conversion process, the 
most important factors to be taken into account for 
hydrolysis of cellulose contained in lignocellulosic 
materials are the reaction time, temperature, pH, enzyme 
dosage, and substrate load [26]. Cellulase utilization 
plays a crucial role considering the global costs of 
biomass-to-ethanol process. The cellulases available for 
ethanol industry account for 36-45% of the costs of 
bioethanol produced from lignocellulosic materials. 
According to different evaluations [35], [45], a 30% 
reduction in capital costs and 10 -fold decrease in the 
cost of current cellulases are required for this process to 
be competitive related to ethanol produced from starchy 
materials. These analysis evidence the need of improving 
the cellulase performance in the following aspects: 
increase of thermal stability, improvement of the binding 
to cellulose, increase of specific activity and reduction of 
the non-specific binding to lignin. In general, the costs of 
cellulases are considered high. According to preliminary 
evaluations of NREL cited by [46], the cost of cellulase 
production in situ by submerged culture is 
US$0.38/100,000 FPU. Hence, cellulase costs comprise 
20% of ethanol production costs assuming them in 
US$1.5/gallon. On the other hand, commercial cellulase 
cost (US$16/100,000 FPU) is prohibitive for this 
process. 

VI. Microorganisms for Ethanol 
Production 

The microorganisms are the key component for 
conversion of different raw materials into ethyl alcohol 

during fermentation step. Main part of the success of the 
overall fuel ethanol production process depends on the 
selected microbial strains. The development of efficient, 
low-cost and environmentally friendly processes for fuel 
ethanol production requires the selection of suitable 
microorganisms contributing to achieve such goals. In 
addition, the development of microbial strains allowing 
innovative designs and making use of the wide 
availability of feedstock resources, especially 
lignocellulosic materials, is required. 

The new ethanol production processes are oriented to 
the utilization of highly available lower cost feedstocks 
like the lignocellulosic materials. In this regard, 
conventional microorganisms used during ethanolic 
fermentation, the yeasts, display a lower versatility 
regarding the utilization of a wide range of substance. 
Thus, the yeast Saccharomyces cerevisiae only can 
assimilate some hexoses and a much reduced amount of 
disaccharides. In general, bacteria and filamentous fungi, 
in this order, present a wider variety of substances that 
can be potentially utilized to obtain metabolites with 
economic importance compared to yeasts. For instance, 
the bacterium Clostridium thermocellum not only 
assimilate hexoses, but even the cellulose polysaccharide 
as a substrate during the biosynthesis of ethanol. 

There exist a significant amount of species of yeasts 
and bacteria having the ability to synthesize ethanol. 
Main ethanol-producing microorganisms that are 
currently used in the industry or having potential 
utilization in the future are shown in Tables II and III.  

Among the main criteria to choose a microorganism 
producing ethanol, the ability to assimilate a wide range 
of substrates should be emphasized. Unfortunately, 
alcoholic fermentation presents the end-product 
inhibition thus one of the most desired features of the 
potential microorganisms is a high ethanol tolerance. 
Similarly, the cultivation conditions allow defining some 
desirable features of the microorganisms to be used. One 
of the most important selection criteria is the achieved 
ethanol yield on substrate since the economy of the 
overall process directly depends on this parameter. 

The most employed microorganisms for fuel ethanol 
production are the yeasts of Saccharomyces cerevisiae 
species converting hexoses like glucose and fructose into 
pyruvate through glycolysis [47]. This microorganism 
also has the ability to convert hexoses into CO2 by 
aerobic respiration. One of the yeasts most studies for 
ethanol production is Kluyveromyces marxianus, which 
can be cultivated at temperatures higher than 40°C [64]. 
This condition makes this yeast very perspective in the 
case of cellulose conversion schemes for ethanol 
production by the simultaneous accomplishment of 
hydrolysis and fermentation [65] since the cellulases 
have higher activity at temperatures much higher (50-
60°C) than those of conventional fermentations. 

One of the main problems during ethanol production 
from lignocellulosic materials consists in that S. 
cerevisiae can only ferment certain mono- and 
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disaccharides like glucose, fructose, maltose, and 
sucrose. 

 Nevertheless, this microorganism has ability to 
assimilate neither cellulose nor hemicellulose directly. 
Furthermore, this yeast does not assimilate the pentoses 
obtained during the pretreatment of lignocellulosic 
biomass when hemicellulose is hydrolyzed in a higher 
degree. This hemicellulose hydrolyzate contains pentoses 
(mostly xylose though also arabinose) as well as other 
hexoses (glucose, mannose and galactose).  

For this reason, the utilization of pentose-utilizing 
microorganisms has been proposed like some species of 
yeasts. Yeasts as Pichia stipitis, Candida shehatae and 
Pachysolen tannophilus can assimilate both pentoses and 
hexoses [31]. 

 For pentose-assimilating yeasts, the hexoses are, 
however, the most readily and rapidly assimilable 
substrate during ethanol production.  

This implies a diauxic growth, i.e. if the fermentation 
is extended enough; firstly the hexoses are consumed but 
not the pentoses. After a relatively short lag-phase in 
which the enzymes needed for pentose metabolism are 
synthesized, the pentoses are consumed until the end of 
fermentation. This means that the microorganisms do not 
utilized the two types of sugar at the same time causing a 
decrease of biomass utilization rate.  

Some bacteria have the capacity of producing ethanol 
in significant amounts making them potential 
microorganisms for industrial purposes (see Table II). 
Among bacteria the most promising microorganism is 
Zymomonas mobilis.  

This facultative anaerobe present higher ethanol yields 
than yeasts, which is related to the metabolic pathways 
involved [66].  

This fact implies a lower cell yield due to the lower 
energy yield of this bacterium increasing the amount of 
ethanol that can be obtained from the same amount of 
substrate compared to yeasts. 97% ethanol yields of the 
theoretical yield from glucose have been reported. 
Among the drawbacks of Z. mobilis, the too narrow 
range of fermentable substrates (glucose, fructose and 
sucrose) should be highlighted [47], [67].  

Other disadvantage of the use of this bacterium for 
fermentation of sugar cane syrup and other sucrose-
based media is the formation of the polysaccharide levan 
(made up of fructose units), which increases the viscosity 
of fermentation broth, and of sorbitol, a product of 
fructose reduction that reduces the efficiency of the 
conversion of sucrose into ethanol [68-70].  

Other bacteria that have been being investigated in 
order to implement processes of direct conversion of 
lignocellulosic biomass into ethanol are thermophilic and 
saccharolytic clostridia. 

 Clostridium thermohydrosulfuricum, C. 
thermosaccharolyticum and C. thermocellum can 
synthesize up to 2 mol EtOH/mol hexose.  

Likewise, these bacteria may transform pentoses and 
amino acids into ethanol.  

TABLE II 
NON-GENETICALLY MODIFIED ETHANOL-PRODUCING 

MICROORGANISMS 
Microorganism References Challenges 

Saccharomyces cerevisiae [47] Isolate 
microorganisms that 

assimilate a wide 
range of substrates 

and with high 
ethanol tolerance 

Schizosaccharomyces pombe [48] 

Kluyveromyces marxianus [49] Isolate 
microorganisms that 
can be cultivated at 
temperatures higher 

than 40°C for 
integration 

possibilities with 
enzymatic 
treatments 

Pichia stipitis [31], [50] Isolate 
microorganisms that 
can be cultivated at 
temperatures higher 

than 40°C for 
integration 

possibilities with 
enzymatic 
treatments 

Candida shehatae 

[31], [50] 

Pachysolen tannophilus [31], [50] Increase ethanol 
productivity 

achieved using 
xylose-assimilating 

yeasts  

Zymomonas mobilis 

[47] Extend narrow 
range of fermentable 

substrates and to 
avoid the formation 

of the 
polysaccharide 

levan and of sorbitol 
that reduces the 
efficiency of the 

conversion of 
sucrose into ethanol 

C. thermosaccharolyticum [31] To avoid the 
formation of 

fermentation by-
products like acetic 
acid and lactate that 

makes the final 
ethanol 

concentrations to be 
very low and 

cultivation times 
very prolonged 

C. thermocellum 

[47], [51] 

 
Due to the need of improving fuel ethanol production 

processes especially when lignocellulosic biomass is 
used, the development of microorganism’s strains with a 
better performance in terms of ethanol yield and 
productivity is required particularly if considering the 
direct conversion of polymeric feedstocks.  

For instance, a way to improve the techno-economic 
indexes of ethanol production processes from starch 
consists in developing yeasts (see Table III) able to 
hydrolyze this polysaccharide and then ferment the 
glucose formed without the addition of amylases. 
Moreover, the effective utilization of alternative 
feedstocks to obtain ethanol as the lignocellulosic 
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residues requires microorganisms with traits difficult to 
find in a same single species (cellulase production, 
pentose assimilation, high ethanol yields, and high 
ethanol tolerance, among others).  

The native strains of microorganisms cannot meet all 
these exigencies so their genetic modification is needed. 
The genetic modification of industrial microorganisms 
can be mainly done in two ways: Random modification 
of DNA and directed modification. 

 
TABLE III 

GENETICALLY MODIFIED ETHANOL-PRODUCING MICROORGANISMS 
Microorganism Feedstock/Medium References Challenges

S. cerevisiae 
YPG/AB; S. 
cerevisiae 
YPG/G; S. 
cerevisiae 
Σ1278b; 

Klebsiella 
oxytoca 

P2(pC46) 

Starch-containing 
medium 

[52]-[56] Main challenge 
consists in 
modifying 

microorganisms 
in such a way 

that can 
assimilate a 

wide spectrum 
of substrates 

Sacharomyces 
sp. 

1400(pLNH32); 
S. cerevisiae 
CEN.PK113-

7D 

Glucose and 
xylose containing 

medium; acid 
pretreated starch 
industry effluents 

[57], [58] Modify 
microorganisms 

that can be 
cultivated at 
temperatures 
higher than 

40°C for 
integration 
possibilities 

with enzymatic 
treatments 

Z. mobilis 
ZM4(pZB5) 

Glucose and 
xylose containing 

medium 

[59] Metabolic 
pathway 

engineering is 
aimed to 
establish 
metabolic 

pathways and 
production 

hosts, which 
are capable of 

delivering 
optimal flow of 

carbon from 
substrate to 

final product at 
high yields and 

volumetric 
productivities.

Klebsiella 
oxytoca M5A1 

Crystalline 
cellulose 

[60] 

Klebsiella 
oxytoca M5A1 

Amorphous 
cellulose 

[61] Optimization of 
the primary 
metabolic 

pathways for 
the synthesis of 

the targeted 
product

Clostridium 
cellulolyticum   

Cellulose [62] 

S. cerevisiae Crystalline 
cellulose 

[63] 

 
In the case of fuel ethanol production, the 

development of mutant cells has been oriented, besides 
the increase of ethanol yield, to the enhancement of 
tolerance to salts and impurities contained in the medium 
(e.g. for the case of yeasts cultivated on molasses), or to 
the acquiring of flocculating properties.  

This latter trait allows the readily separation of yeast 
cells during schemes of continuous fermentation or by 
repeated-batch regimes (see next chapter) since the cells 

agglomerate and settle (or float) allowing their rapid 
removal from the cultivation broth. The introduction of 
recombinant microorganisms in the ethanol industry can 
lead to the development of industrial processes radically 
different to the conventional technologies based on the 
fermentation of molasses or starch hydrolyzates using 
native or improved yeast strains. Due to the specific and 
directed character of the modifications that can be done 
by genetic engineering, it is possible to “create” 
microbial strains capable of assimilating alternative 
feedstocks (firstly, lignocellulosic materials), or with the 
ability to perform simultaneous transformations in 
integrated process (e.g. the direct conversion of starch or 
lignocellulosic biomass). 

In ethanol production from lignocellulosic biomass, 
the main obstacle to be overcome is the fact that 
fermenting microorganisms are not able to assimilate all 
the sugars released during pretreatment and hydrolysis of 
biomass in an effective way. Genetic engineering has 
been contributing in the development of microorganisms 
exhibiting this feature. To face this challenge, there exist 
two approaches [71]-[73]. The first one consists in 
modifying microorganisms in such a way that can 
assimilate a wide spectrum of substrates. For example, 
by introducing the metabolic pathways required for the 
utilization of xylose or arabinose to good ethanologenic 
microorganisms as yeasts and Z. mobilis. The second 
approach is based on the modification of microorganisms 
that assimilate a great variety of substrates; in this case, 
genes encoding the conversion of pyruvate into ethanol 
are introduced to microorganisms like E. coli capable of 
assimilating hexoses and pentoses.  

Undoubtedly, if the worldwide use of fuel ethanol 
implies the development of the technology of 
lignocellulosic biomass utilization, genetic engineering is 
called to supply the “tailored” microorganisms needed 
meeting the exigencies of this new technology. From 
this, the importance of the metabolic pathway 
engineering is inferred. Metabolic pathway engineering 
is aimed to establish metabolic pathways and production 
hosts, which are capable of delivering optimal flow of 
carbon from substrate to final product at high yields and 
volumetric productivities.  

In particular, pathway engineering can achieve the 
integration of the process at molecular level through the 
optimization of the primary metabolic pathways for the 
synthesis of the targeted product [72]. 

VII. Ethanolic Fermentation Technologies 
Fermentation step is central in the overall fuel ethanol 

production process since it represents the actual 
transformation of the conditioned and pretreated raw 
materials into the main product, ethyl alcohol, using 
bioagents like yeast or other ethanol-producing 
microorganism. Ethanolic fermentation is one of the 
most studied biological processes. Nevertheless, the need 
of increasing the efficiency of ethanol production 
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including the usage of alternative feedstocks has led to 
the development of new fermentation methods with 
better techno-economic and environmental indicators. 

Traditionally, the most used microorganism for 
ethanolic fermentation is the yeast Saccharomyces 
cerevisiae. This is valid for practically every one of the 
main types of feedstocks employed for ethanol 
production: sucrose-based media, starchy materials, and 
even lignocellulosic materials. However, in the latter 
case, there is a wider variety of process microorganisms 
employed (e.g. Zymomonas bacteria, xylose-assimilating 
yeasts, or thermophilic clostridia). Main challenges for 
each feedstock type are shown in Table IV. 

 
TABLE IV 

CHALLENGES OF FERMENTATION TECHNOLOGIES FOR FUEL 
ETHANOL PRODUCTION 

Sugar-Containing 
Feedstocks 

Strarchy 
Feedstocks 

Lignocellulosic 
Feedstocks 

To improve the 
efficiency of this 

process, particularly 
to increase the 

conversion of these 
feedstocks into 

ethanol as well as its 
productivity. 

 
To decrease operating 

and feedstock costs 
involved during each 
fermentation batch to 

ensure the yeast 
propagation until a 
concentration high 

enough allowing the 
appropriate cell 

growth and ethanol 
production rates. 

 
 To develop 

microorganisms with 
the ability of 

producing ethanol 
during long time 
under anaerobic 

conditions. 
 

To use 
thecnologies with 
high substrate load 
and, therefore, high 

ethanol 
concentrations at 

the end of 
fermentation 

 
To decrease the 

amount of process 
water required 

 
To implement 
integration of 
pretreatment 

process 

One of the main 
challenges in pentose 

fermentation lies in the 
fact that the productivities 

of pentose utilizing 
microorganisms are less 

than those of hexose-
fermenting ones. 

 
To decrease nd product 
inhibition on the growth 
rate of ethanol-producing 

microorganisms 
 

To implement 
technologies with a high 
degree of integration as 

the simultaneous 
saccharification and co-

fermentation 
 

To get complete 
assimilation of all the 
sugars resulting from 

lignocellulosic 
degradation by the 
microbial cells and 

consists in the employ of a 
mixture of two or more 

compatible 
microorganisms that 
assimilate both the 

hexoses and pentoses 
present in the medium 

VII.1. Fermentation of Sucrose-Based Media 

The technology for fermentation of sucrose-based 
media, mostly sugarcane juice, cane molasses or beet 
molasses, can be considered as a mature technology 
especially if the process is accomplished in batch regime. 
However, many research efforts are being made 
worldwide in order to improve the efficiency of this 

process, particularly to increase the conversion of these 
feedstocks into ethanol as well as its productivity. 
Ethanolic fermentation can be carried out by 
discontinuous, semicontinuous, and continuous 
processes. In general, temperature and medium pH are 
quite similar in the different types of ethanolic 
fermentation: about 30°C and pH in the range of 4.0-4.5. 
Nevertheless, each one of these cultivation regimes 
present very different performance indicators, especially 
considering the ethanol volumetric productivity in terms 
of g EtOH/(L×h). 

During batch fermentation, a series of operating 
procedures are periodically repeated to ensure the growth 
and development of process microorganisms. These 
procedures can include the washing and disinfection of 
the fermenter, fermenter filling-up with the culture 
medium, and sterilization of such medium, inoculation of 
microbial cells, fermentation, and unloading of the 
bioreactor content at the end of cultivation process. Main 
drawback of this process consists in the operating and 
feedstock costs needed during each fermentation batch to 
ensure the yeast propagation until a concentration high 
enough allowing the appropriate cell growth and ethanol 
production rates. In addition, the yeasts are not reutilized 
that implies not to employ all the potential of cell 
biomass formed during the process. 

Fed-batch fermentation is one of the most employed 
cultivation regimes when process microorganisms 
present catabolic repression, i.e. when high substrate 
concentrations inhibit specific metabolic processes like 
those related to cell growth rate. For this reason, the 
microorganisms grow faster at low substrate 
concentrations. Nevertheless, the application of fed-batch 
cultivation to ethanolic fermentation has also offered 
important results by maintaining low substrate levels as 
ethanol is accumulated in the medium.  

Continuous fermentation consists in the cultivation of 
cells in a bioreactor to which the fresh medium is 
permanently added and from which an effluent stream of 
culture broth is permanently removed. The 
microorganisms are reproduced within the bioreactor at a 
grow rate that offsets the cells withdrawal with the 
effluent achieving the corresponding steady state. To 
ensure the system homogeneity and reduce concentration 
gradients in culture broth, continuous stirred-tank 
reactors (CSTR) are employed. In this way, a constant 
production of fermented worth can be obtained without 
the need of stopping the bioreactor operation in order to 
perform the periodic procedures typical of batch 
processes like filling-up and unloading. 

The design and development of continuous 
fermentation systems have allowed the implementation 
of more effective processes from viewpoint of the 
production costs. Continuous processes have a series of 
advantages in comparison to conventional batch 
processes mainly due to reduced construction costs of the 
bioreactors, lower requirements of maintenance and 
operation, better control of the process and higher 
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productivities [26]. The major drawback is that yeasts 
cultivated during long time under anaerobic conditions 
diminish their ability to produce ethanol. In addition, at 
high dilution rates (a magnitude proportional to the feed 
or effluent flow rate) ensuring elevated productivities, 
the substrate is not completely consumed and yields are 
reduced. In general, in commercial processes for ethanol 
production, although the productivity is important, it is 
more relevant the substrate conversion considering that 
main part of the production costs correspond to 
feedstocks [74]. On the other hand, aeration also plays an 
important role during continuous ethanolic cultivations. 

Other alternatives of continuous fermentation have 
been proposed, but many of them still have not reached 
the commercial level. Some of them require the use of 
highly flocculating yeast strains like in tower and 
fluidized-bed reactors. These types of reactors allow 
much higher cell concentrations (70-100 g/L) and 
ethanol productivities, and have a long-term stability due 
to the self replenishing of fresh yeasts. Moreover, these 
fermenters do not require stirring devices or 
centrifugation [75]. S. uvarum is one of the most 
perspective yeasts to be employed in these configurations 
thanks to its flocculating properties. All of these efforts 
have been directed to the increase of productivity and 
yield.  

Another approach for increasing process productivity 
is the continuous ethanol removal from culture broth 
during fermentation by means of vacuum or membranes. 
These configurations enhance efficiency of the process 
remarkably, but imply an increase in capital costs. The 
use of vacuum flash coupled with continuous fermenters 
could eliminate the need of heat exchangers and increase 
the productivity [76].  

One of the strategies employed to improve the 
ethanolic fermentation is the utilization of immobilized 
cells. Cell immobilization consists in the attachment of 
cells into a support or their location in a defined space in 
order to utilize in a controlled way their capacity to 
accomplish biological transformation. Thus, the cells do 
not leave the bioreactor so continuous fermentation 
processes can be implemented. However, the employ of 
immobilized cells implies that they do not reproduce 
during reactor operation. The growth makes that cell 
layers are accumulated on the support surface until the 
moment when they starts to de-attach from the solid 
phase leading to the system destabilization. In the case of 
ethanolic fermentation, the implementation of continuous 
cultivation with immobilized cells can make possible 
processes with higher yields, productivities, and 
increased cell concentrations at the same time [47]. 
Nowadays, most of the configurations using immobilized 
cells are so far of commercial operation.  

Hence, preliminary design and simulation of this type 
of processes could become a very useful tool for defining 
new research lines at pilot and semi-industrial levels 
considering the overall bioethanol production process 
[26]. 

VII.2. Fermentation of Starchy-Based Media 

The yeasts are not able to metabolize the starch so this 
polymer should be hydrolyzed before fermentation as 
was discussed. Most cereal ethanol is produced from 
corn. Most corn dry-milling plants producing ethanol, 
fermentation is accomplished in batch regime though 
milling, liquefaction and saccharification as well as the 
subsequent of distillation and dehydration are performed 
in continuous regime. To ensure a continuous flow of 
materials, three or more fermenters are used in such a 
way that at a given moment on apparatus is being filling-
up with the mash, the starch is fermented in the other, 
and the third one is being unloaded and prepared for the 
next batch. Fermentation time is about 48 h. In the case 
of ethanol production plants employing the corn wet 
milling, the fermentation is mostly carried out in 
continuous regime. The technology receives the name of 
cascade fermentation and is applied in large-scale 
facilities. Thus, a continuous cascade saccharification 
process is also employed. The effluent of this system 
feeds not only the bioreactors for yeast propagation, but 
also the prefermentation and fermentation trains. The 
fermentation train consists in a cascade of four 
continuous fermenters. 

One of the proposed technologies for the development 
of high-performance processes using starchy materials 
consist in the fermentation of high and very high gravity 
(VHG) mashes. During high gravity fermentation, the 
solids concentration in the medium exceeds 200 g/L that 
implies a high substrate load and, consequently, high 
ethanol concentrations at the end of fermentation. 
Furthermore, a lower amount of process water is required 
as well as lower energy demands. However, this process 
implies more prolonged cultivation times and, 
sometimes, incomplete fermentation due to end-product 
inhibition, high osmotic pressure, and inadequate 
nutrition [77]. Continuous operation can improve the 
performance of high gravity fermentations. In particular, 
continuous fermentation can reach almost the same 
ethanol production as batch fermentation, although it is 
likely that there is a threshold concentration of initial 
glucose above which ethanol yield no longer increases 
[78]. VHG technology has been tested with successful 
results for oats, barley, rye and triticale, as cited by [79]. 
The pretreatment of feedstock can play an important role 
when process integration is analyzed during this type of 
fermentation processes. Wang et al. [79] propose the 
integration of a pretreatment process, pearling by 
abrasion of cereal grains as rye or triticale, with VHG 
fermentation technology. 

VII.3. Fermentation of Lignocellulosic-Based Media 

The classic configuration employed for fermenting 
biomass hydrolyzates involves a sequential process 
where the hydrolysis of cellulose and the fermentation 
are carried out in different units [26]. This configuration 
is known as separate hydrolysis and fermentation (SHF). 
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When this sequential process is employed, solid fraction 
of pretreated lignocellulosic material undergoes 
hydrolysis (saccharification). This fraction contains the 
cellulose in an accessible to acids or enzymes form. Once 
hydrolysis is completed, the resulting cellulose 
hydrolyzate is fermented and converted into ethanol. S. 
cerevisiae is the most employed microorganism for 
fermenting the hydrolyzates of lignocellulosic biomass. 
This yeast ferments the hexoses contained in the 
hydrolyzate but not the pentoses. One of the main 
features of SHF process is that each step can be 
performed at its optimal operating conditions (especially 
temperature and pH). 

When a technological flowsheet involving a SHF 
process is employed, the detoxified hemicellulose 
hydrolyzate can be unified with the cellulose hydrolyzate 
coming from the enzymatic reactor. The resulting stream 
contains mostly glucose but also xylose and other 
hexoses released during biomass pretreatment. The 
simplest scheme includes the cultivation of S. cerevisiae 
that converts the glucose present in the medium into 
ethanol remaining the xylose and the other hexoses. This 
implies a reduction in the amount of ethanol that could 
be obtained if the xylose and remaining sugars were 
utilized. To increase the amount of sugars converted into 
ethanol, yeast assimilating the xylose besides glucose can 
be employed, but in this case the biomass utilization rates 
are lower related to microorganisms that only assimilate 
hexoses. 

One of the main challenges in pentose fermentation 
lies in the fact that the productivities of pentose utilizing 
microorganisms are less than those of hexose-fermenting 
ones. Comparisons are conclusive: ethanol productivity 
for S. cerevisiae can attain values of 170 g/(L.h) in the 
case of continuous systems with cell recycling, whereas 
the productivity for C. shehatae at high cell 
concentrations reaches only values of 4.4 g/(L.h) [31]. 
On the other hand, there are a few cases where the 
immobilization of these yeasts increases the ethanol 
productivity [80], unlike the case of hexose-fermenting 
yeasts or Z. mobilis. In spite of these drawbacks, pentose 
utilizing microorganisms are important for the design of 
processes involving separate fermentation of hexoses and 
pentoses during the processing of resulting streams from 
biomass pretreatment. As occurs with S. cerevisiae or Z. 
mobilis, most pentose-fermenting yeasts are mesophiles 
[26]. Although thermotolerant yeasts as Kluyveromyces 
marxianus have demonstrated their capability for 
fermenting glucose at 45ºC [81]. 

Xylose-fermenting termophilic bacteria are 
prospective organisms to be co-cultured with cellulose 
hydrolyzing bacteria such C. thermocellum in order to 
directly convert pretreated lignocellulosic biomass into 
ethanol, process named consolidated bioprocessing. 
Other promising microorganism capable of fermenting a 
great variety of sugars including hexoses and pentoses is 
the fungus Mucor indicus reaching ethanol yields of 0.46 
g/g glucose when is cultivated under anaerobic 

conditions. In addition, this fungus assimilates the 
inhibitors present in dilute-acid hydrolyzates [82].  

The co-fermentation of lignocellulosic hydrolyzates 
represents other technological option for utilizing all the 
sugars released during biomass pretreatment and 
cellulose hydrolysis. This kind of cultivation process is 
aimed at the complete assimilation of all the sugars 
resulting from lignocellulosic degradation by the 
microbial cells and consists in the employ of a mixture of 
two or more compatible microorganisms that assimilate 
both the hexoses and pentoses present in the medium. 
This means that the fermentation is carried out by a 
mixed culture. However, the use of mixed cultures faces 
the problem consisting in that microorganisms utilizing 
only hexoses grow faster than pentose-utilizing 
microorganisms leading to a more elevated conversion of 
hexoses into ethanol [36]. To solve this problem, the 
employ of respiratory deficient mutants of the hexose-
fermenting microorganisms has been proposed. In this 
way, the fermentation and growth activities of the 
pentose-fermenting microorganisms are increased 
considering that they grow very low when are cultivated 
along with rapid hexose-fermenting yeasts. One of the 
additional problems arisen in this kind of configurations 
is that pentose-fermenting yeasts present a greater 
inhibition by ethanol that limits the use of concentrated 
substrates in the system. 

Other variant of co-fermentation consists in the 
utilization of a single microorganism capable of 
assimilating both hexoses and pentoses in an optimal 
way allowing high conversion and ethanol yield. 
Although in the nature these microorganisms exist, their 
efficiency and ethanol conversion rates are reduced for 
the implementation of an industrial process. Hence, the 
addition to the culture medium of an enzyme 
transforming the xylose into xylulose (xylose-isomerase) 
has been proposed. The other approach for genetic 
modification is the introduction of genes encoding the 
metabolic pathways for ethanol production to 
microorganisms that are capable of fermenting both 
hexoses and pentoses in their native form. 

VIII. Ethanol Recovery and Dehydration 
The recovery of ethanol produced by different 

technological configurations and from diverse types of 
feedstocks is accomplished in a very similar way. The 
ethanol content in the culture broth resulting from 
fermentation processes oscillates between 2.5% and 10% 
(by weight). The utilization of fuel ethanol as a gasoline 
oxygenate requires a high-purity ethanol so it is 
necessary to concentrate the ethyl alcohol up to 99% 
obtaining the anhydrous ethanol, which is the suitable 
form used for ethanol-gasoline blends. This is explained 
by the fact that the presence of water in the fuel ethanol 
can lead to failures in the engine during the combustion 
of such blends [83]. The first step of the ethanol recovery 
scheme is the concentration of ethanol contained in 
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culture broths. This process is carried out in distillation 
columns achieving ethanol content about 50%. The 
following step is the rectification of this concentrated 
stream in order to obtain a product with a composition 
near to the azeotropic mixture of ethanol and water. 

Usually, two distillation columns are utilized to 
elevate the ethanol concentration up to 90-92%. 
Concentrations higher than 95.6% (or 89.4 molar %) are 
impossible to obtain by conventional distillation due to 
the similar composition of both the saturated vapor and 
saturated liquid achieved in the top of the distillation 
column. This composition is named azeotropic and is one 
of the main thermodynamic limits imposed to ethanol 
purification process. To produce anhydrous ethanol 
(99.5% or more), non-conventional separation 
technologies are required. To achieve this high purity 
from streams containing 90-92% ethanol, it is necessary 
to employ non-conventional separation operations like 
pressure-swing distillation, azeotropic distillation, 
extractive distillation, adsorption, and pervaporation 
[83]. All these operations have found industrial 
application in the fuel ethanol industry. 

To achieve the separation of an azeotropic mixture by 
using pressure-swing distillation, the manipulation of the 
column pressure is required, for example by utilizing a 
second distillation column working under vacuum 
conditions. In general, pressure-swing distillation cannot 
always be employed: its utilization is limited to mixtures 
with azeotropes susceptible to be displaced with small 
changes of pressure that is not exactly the case of 
ethanol-water systems. Most methods involving 
distillation for ethanol dehydration utilized in the 
industry comprise at least three steps: Distillation of 
dilute ethanol until a concentration near the azeotropic 
point, distillation using a third component added that 
allows the ethanol removal, and distillation to recover the 
third component and re-utilize it in the process [84]. The 
azeotropic distillation corresponds to this scheme. This 
technology consists in the addition of an entrainer to the 
ethanol-water mixture to form a new azeotrope. The 
azeotrope formed is ternary (involves three components) 
and allows a much easier separation in schemes 
involving two or three distillation columns. Among the 
substances most used as entrainers for separation of 
ethanol-water mixtures are benzene, toluene, n-pentane, 
and cyclohexane. The utilization of benzene as an 
entrainer is not desirable due to its carcinogenic 
properties. In addition, the azeotropic distillation using 
this compound leads to the appearance of multiple steady 
states and occurrence of a parametric sensibility related 
to small changes in column pressure [85]. Taking into 
account these drawbacks, the use of less contaminant 
entrainers have been attempted. In particular, some new 
ethanol producing facilities in Brazil employ 
cyclohexane as the entrainer for ethanol dehydration by 
hetero-azeotropic distillation.  

In extractive distillation, a third substance called 
extractive agent or solvent is added to the ethanol-water 

system. The extractive agent modifies the relative 
volatility of the mixture components without forming 
new azeotropes and allowing, in this manner, the 
separation.  The solvent added should have a low 
volatility such that its separation in the second distillation 
column where it is recovered be much easier. In addition, 
the solvent should have a high boiling point. Ethylene 
glycol has been traditionally used for these purposes but 
the energy costs are higher than in the case of the 
azeotropic distillation using benzene. Nevertheless, 
Meirelles et al. [86] have pointed out that extractive 
distillation can become competitive under specific 
operating conditions. In fact, in a previous work that 
implied the simulation of ethanol-water mixtures 
resulting from fermentation broths by extractive and 
azeotropic distillation [84], the possibility of achieving 
lower energy costs during the extractive distillation using 
ethylene glycol was demonstrated. 

The adsorption is other of the unit operations widely 
employed in the industry for ethanol dehydration. In this 
operation, the ethanol-water mixture passes through an 
apparatus usually cylindrical that contains a bed with an 
adsorbent material. Due to the difference in the affinity 
of molecules of water and ethanol with respect to the 
adsorbent, the former remains entrapped in the bed while 
the ethyl alcohol passes though this same bed increasing 
its concentration in the stream leaving the apparatus. 
Adsorption of water employing the so-called molecular 
sieves to dehydrate ethanol has been the technology that 
has acquired more development in the last years in the 
fuel ethanol industry. In fact, this technology has been 
replacing the azeotropic distillation.  

Different applications of the membranes for both 
concentration of ethanol solutions and ethanol 
dehydration have been developed in the last years. 
Although the reverse osmosis was firstly proposed [87], 
the pervaporation definitively boosted the introduction of 
membranes into the fuel ethanol industry. Pervaporation 
offers a series of advantages compared to azeotropic or 
extractive distillations since the product contains no 
entrainer or solvent traces. As this operation consumes 
less energy than the conventional operations based on 
distillation, the employ of pervaporation has become 
very perspective considering the permanent development 
of membrane manufacturing technologies, which have 
allowed the increase of membrane selectivity and 
permeate flux. Other separation technology based on 
membranes has been proposed, the vapor permeation, 
which has been much less studied than pervaporation 
[83]. This process has the same principle of 
pervaporation but the feed stream is also gaseous. 
Advantages of these technologies are: the construction of 
vapor permeation modules is simpler since the supply of 
the evaporation heat is not required and the flux can be 
significantly increased by increasing the pressure or 
decreasing the superheating. Moreover, the membrane 
can be impregnated with different substances (especially 
salts) to enhance or regulate its selectivity and flux, 
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which is favored by the fact that the membrane is not in 
contact with the liquid phase. 

IX. Environmental Aspects of  Fuel 
Ethanol Production 

Fuel ethanol production generates solid wastes, 
atmospheric emissions and liquid effluents. The 
atmospheric emissions mostly correspond to the gas 
outlet stream from fermenters that is washed with water 
in the scrubbers in order to recover the volatilized 
ethanol. The gases exiting from the scrubbers contain 
mainly carbon dioxide that is released into the 
atmosphere. The CO2 can be employed for production of 
dry ice or beverages. However, if these gases are not 
utilized, they should be considered in the calculation of 
the environmental impact of ethanol producing facilities. 
In this regard, it should be emphasized that the 
bioethanol practically presents net emissions of CO2 
near to zero considering that the plant biomass already 
fixed the CO2 during its growth and just this carbon 
dioxide is released during the combustion of fuel ethanol 
in the engines. In contrast, the burning of fossil fuels 
release into the atmosphere additional amounts of carbon 
dioxide that was fixed by the plant biomass millions 
years ago. 

The solid wastes formed during production of fuel 
ethanol are strongly linked to the raw material from 
which it is produced. When sugarcane is used, huge 
amounts of sugarcane bagasse are produced. Fortunately, 
this solid material has multiple uses and applications. Its 
most important utilization is as solid biofuel due to its 
high energy content. In fact, bagasse combustion allows 
the generation of the thermal energy (steam) required 
during the conversion not only of sugarcane into ethanol, 
but also during cane sugar production. 

In the corn-to-ethanol process by the dry-milling 
technology, most solid residues are concentrated in the 
so called Distiller’s Dried Grains with Solubles (DDGS), 
so the generation of solid wastes is limited. If wet-
milling technology is employed, the solids generated 
make part of the different co-products in the framework 
of a corn biorefinery as the corn gluten meal and corn 
gluten feed. When cassava roots are used, the solids 
produced correspond to the root peels that can be utilized 
as feedstock for production of mushrooms as well as the 
fibrous residue contained in the stillage stream. This 
fibrous residue is obtained after centrifugation of the 
whole stillage to obtain the thin stillage and this solid 
material. In addition, this residue can be used for animal 
feed or as substrate in solid-state fermentations. 

The production of ethanol from lignocellulosic 
biomass, in turn, generates lignin as the most important 
solid residue. This polymer can be isolated during the 
pretreatment step if some pretreatment methods like the 
pretreatment with solvents (organosolv process) or 
oxidative delignification are employed. Nevertheless, 
most pretreatment methods allow that the lignin remain 

in the solid fraction resulting from this processing step 
along with the cellulose. After enzymatic hydrolysis 
using cellulases, the lignin remains in the liquid 
suspension until the end of the process where it can be 
recovered from the stillage stream. The lignin has a high 
energy value and, therefore, is used as a solid biofuel for 
feeding boilers or cogeneration units as in the case of 
sugarcane bagasse. 

The stillage (or vinasses) is the major effluent of all 
flowsheets for ethanol production involving the 
submerged fermentation of streams containing sugars or 
carbohydrate polymers. This is valid for such feedstocks 
like sugarcane juice, molasses, starchy materials or 
pretreated lignocellulosic biomass. The stillage 
represents the residual liquid material obtained after 
distillation of ethanol from the fermented wort (wine) 
and contain both solid and soluble matter. Precisely the 
elevated organic load of the stillage is responsible of the 
high polluting properties of this burden so this stream 
should undergo treatment to reduce this load and 
minimize the environmental impact during its discharge 
to the water streams. Due to elevated organic matter 
content of stillage, methods for its treatment and 
economic utilization should be implemented in the 
industry. Among the most used methods for stillage 
treatment, the irrigation, recycling, evaporation, 
incineration, and composting should be highlighted. 
Some of the new treatment methods allow producing 
value-added products. 

X. Conclusions 
Fuel ethanol production still represents a challenge for 

researchers of the entire world. However, many research 
works have been developed for doing of bioethanol 
production a more feasible process from the economical 
and environmental points of view. Seeking non-food 
feedstock that can be converted in a simple way to 
fermenting sugars is one of the challenges that must be 
faced. However, most perspective feedstocks comprises 
lignocellulosic materials, hence a complex pretreatment 
for sugars release must be expected.  Pretreatment 
technologies and detoxification of co-lateral inhibitors 
obtained during pretreatment are other important 
challenge that must be faced. Several pretreatment and 
detoxification technologies have been proposed, but still 
they present drawbacks for ethanol production from 
lignocellulosics. Selection of pretreatment technology 
depends broadly on feedstock type.  In the case of 
detoxification, pretreatment agents and conditions 
influence the detoxification performance and its results. 
The most important challenge that must be faced is the 
development of microorganisms capable of fermenting a 
wide range of sugar (hexoses and pentoses) under the 
presence of by-products from pretreatment stages. 
Concentration and dehydration do not represents many 
problems, because mature technologies have been 
developed. However, more energy efficient dehydration 
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technologies have been investigated for improving 
ethanol production cost. Finally, the last challenges are 
represented by the environmental performance of fuel 
ethanol production. This must be improved by effluent 
treatment technologies for eliminating the high biological 
charge of liquid streams. 
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