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9.1 Introduction

Ethanol, a solvent, extractant, and antifreeze, is used for synthesis of many sol-
vents in the preparation of dyes, pharmaceuticals, lubricants, adhesives, detergents,
pesticides, explosives, and resins for the manufacture of synthetic fibers and liquid
fuel [163]. Ethanol is a major solvent in industries and ranks second only to water
[152].

It is also employed as a solvent for resins, cosmetics and household cleaning
products. The ethanol obtained from biomass-based waste materials or renewable
sources is called as bioethanol and can be used as a fuel, chemical feedstock, and a
solvent in various industries. Besides ethanol, biofuels containing butanol, pro-
panol, 2-methyl 1-butanol, isobutanol, isopropanol, etc. are also employed. Bio-
ethanol produced by fermentation is rapidly gaining popularity all over the world.
The US, Brazil, Japan, France, U.K., Italy, Belgium, and The Netherlands are
among the few countries widely using bioethanol for various uses [98]. It has
certain advantages as petroleum substitutes, viz., alcohol can be produced from a
number of renewable resources, alcohol as fuel burns cleaner than petroleum
which is environmentally more acceptable. It is biodegradable and thus, checks
pollution. It is far less toxic than fossil fuels. It can easily be integrated to the

V. K. Joshi (&)
Department of Food Science and Technology,
Dr. Y.S. Parmar University of Horticulture and Forestry,
Nauni, Solan, Himachal Pradesh, India
e-mail: vkjoshipht@rediffmail.com

A. Walia � N. S. Rana
Department of Basic Sciences,
Dr. Y.S. Parmar University of Horticulture and Forestry,
Nauni, Solan, Himachal Pradesh, India
e-mail: sunny_0999walia@yahoo.co.in

C. Baskar et al. (eds.), Biomass Conversion,
DOI: 10.1007/978-3-642-28418-2_9, � Springer-Verlag Berlin Heidelberg 2012

251



existing transport fuel system, i.e., up to 5% bioethanol can be blended with
conventional fuel without the need for modification.

Gasohol (mixture of gasoline and alcohol) is widely used to run vehicles in
developed countries. The use of alcohol as fuels is gaining vast popularity day-by-
day and gasohol program is encouraged throughout the world. By encouraging
bioethanol use, the rural economy could also receive a boost by growing the
necessary crops. New technologies are being developed that are economically and
strategically superior.

The interest in bioethanol as a fuel in response to petroleum price increase is
the most significant factor influencing the world ethanol market. Recent oil
shortage and escalating oil prices have led scientists to develop alternative
energy sources to substitute petroleum. Global warming alerts and threats are on
the rise due to the over utilization of fossil fuels. Alternative fuel sources like
bioethanol and biodiesel are being produced to combat these threats. Bioethanol
production from plant biomass has received considerable attention recently in
order to mitigate global warming and demands for petroleum not from a finite
resource and is a greenhouse gas emission. The road transport network accounts for
22% of all greenhouse gas emissions, and through the use of bioethanol as some of
these emissions will be reduced as the fuel crops absorb CO2. Also, blending
bioethanol with petrol will help extend the life of diminishing oil supplies and
ensure greater fuel security, avoiding heavy dependence on oil producing nations.

Biofuel obtained from renewable sources can be classified on the basis of their
production techniques as given below:

• First-generation fuels refer to biofuels made from plants rich in oil and sugar.
• Second-generation biofuels (Biomass to liquid) are made from organic materi-

als, such as straw, wood residues, agricultural residues, reclaimed wood, saw-
dust, and low value timber.

• Biofuels of third generation are produced from algae by using modern gene and
nanotechnologies.

• Fourth-generation biofuels are produced from vegetable oil by using hydrolytic
conversion/deoxygenating.

Tables 9.1 and 9.2 show biofuels of the four generations, their substrates and
technological processes of their production.

It is apparent that different types of substrates can be employed to produce
bioethanol. Accordingly, modification in its production technology has been made.
The replacement of ethanol by ethylene is reversed in less industrialized nations.
In Brazil and India, ethylene and its chemical derivates are produced by catalytic
dehydration of fermentative ethanol [5].

The USA and Brazil are currently the primary producers of fuel ethanol, pro-
ducing 49.6 and 38.3% of the 2007 global production, respectively. US bioethanol
production is almost entirely from maize (corn) starch, which is converted into
fermentable glucose by the addition of amylase and glucoamylase enzymes. In
2007, 24.6 billion L of ethanol was produced in the USA, that comprised of only
3.2% of gasoline consumption on an energy-equivalent basis [188].

252 V. K. Joshi et al.



Table 9.1 First- and second-generation biofuels, their feedstock, and technological processes of
their production

Type of biofuel Name Biomass feedstock Production
process

First-generation (conventional) biofuel
Bioethanol Conventional bioethanol Sugar beet, sugarcane,

sugar, sorghum
Hydrolysis and

fermentation
Pure plant oil Pure plant oil (PPO) Oil plants (e.g.

rapeseed)
Cold-pressing/

extraction
Biodiesel fuel (plant

energy)
Rape methyl-/ethyl ester

(RME/REE) Fatty acids
Methyl/ethyl ester
(FAME/FAEE)

Oil plants (e.g. rape/
turnip rape seed,
sunflower seeds,
soy beans, etc.

Cold-pressing/
extraction/
transeste-
rification

Biodiesel fuel Fatty acids (waste
grease)methyl/ethyl
ester (FAME/FAEE)

Biodiesel cooking and
deep fry grease

Transesterification

Biogas Upgrade biogas (Wet) biomass Anaerobic
digestion

BIO-ETBE Bioethanol Chemical
synthesis

Second-generation Biofuel
Bioethanol Cellulose ethanol Lignocelluloses Up-gradation

hydrolysis and
fermentation

Synthetic biofuels Mixed higher alcohols Bio-
dimethyl ether

Lignocelluloses Gasification and
syntheses

Biodiesel (hybrid
biodiesel from the
first and second
generation)

NExBTL Plant oils and animal
fats

Hydrogenaton
(refining/
enrichment)

Biogas SNG(synthetic natural gas) Lignocelluloses Gasification and
syntheses

Bio-hydrogen Lignocelluloses Gasification and
syntheses or
biological
process

Source [172]

Table 9.2 Third- and fourth-generation biofuels, their feedstock, and technological processes

Type of biofuel Name Biomass feedstock Production process

Third-generation biofuels
Biodiesel Oligae Algae diesel Algae Gene and nanotechnology

and esterification
Fourth-generation biofuels
Bio gasoline
Bio jet fuel
Biodiesel

Synthetic oil Vegetable oil (CENTIATM

oil from algae)
Hydrolytic conversion/

deoxygenating

Source [37]
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The production costs of various chemicals from ethanol and petroleum feed-
stocks are compared in Table 9.3. Clearly, the production of bioethanol from first
generation is economically unreasonable because of discarding cellulose and
hemicellulose which constitute the majority of carbon resources of plants. Fur-
thermore, the biofuels of this generation also compete with food products intended
for human consumption. Thus, second-generation bioethanol production is
important as it allows improved CO2 balance and make use of cheap, waste source
which does not compete with human food products.

In brief, the use of ethanol as a biofuel is gaining increasing popularity.
Although it is produced from several sources but the technologies using the waste
material for its production is most attractive as it does not interfere with food
particular substrates needed for the ever increasing world population. Different
types of waste materials, their composition, biochemistry, microbiology, and the
technology involved in bioethanol production have been reviewed in this chapter.
New strategies and future thrust has also been briefly highlighted.

9.2 Raw Materials

9.2.1 Wheat Straw

Wheat (Triticum aestivum L.) is the world’s most widely grown crop, cultivated in
over 115 countries under a wide range of environmental conditions. Over the past
100 years, the yields of wheat have been increased and the annual global pro-
duction of dry wheat in 2008 was estimated to be over 650 Tg [10]. Assuming
residue/crop ratio of 1.3, about 850 Tg of wheat residues are annually produced
which include straw as the major waste. The straw produced is left on the field,
plowed back into the soil, burnt, or even removed from the land depending on the
convenience of the landowner. Disposal of wheat straw by burning is viewed as a
serious problem due to the increased concern over the health hazards of smoke
generated [93]. Burning of wheat straw also results in production of large amounts
of air pollutants including particulate matter, CO, and NO2 [110]. Thus, finding an

Table 9.3 Production cost of various chemicals using ethanol as feedstock

Chemical Production cost ($/l)

From petroleum feedsock From ethanol (at 40 g/l)

Acetaldehyde 60 66
Acetic acid 50 63
Butadiene 64 145
Ethylene 44 95
2-Ethyl alcohol 61 166

Source [139]
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alternative way for disposal of surplus wheat straw is of paramount interest and an
immediate necessity.

Wheat straw like any other biomass of lignocellulosic nature is a complex
mixture of cellulose, hemicellulose, and lignin as three main components
(Table 9.4), and a small amount of soluble substrates (also known as extractives)
and ash. The overall chemical composition of wheat straws could slightly differ
depending on the wheat species, soil, and climate conditions. The cellulose strands
are bundled together and tightly packed in such a way that neither water nor
enzyme can penetrate through the structure [104, 179]. Hemicellulose serves as a
connection between lignin and cellulose fibers, and it is readily hydrolyzed by
dilute acid or base, as well as hemicellulase enzyme. Lignin is covalently linked to
cellulose and xylan (predominant hemicellulose carbohydrate polymer in wheat
straw) such that lignin–cellulose–xylan interactions exert a great influence on the
digestibility of lignocellulosic materials [104]. Due to this structural complexity of
the lignocellulosic matrix, ethanol production from wheat straw requires at least
four major unit operations including pretreatment, hydrolysis, fermentation, and
distillation. Unlike sucrose or starch, lignocellulosic biomass such as wheat straw
need to be pretreated to make cellulose accessible for efficient enzymatic
depolymerization.

9.2.2 Sugarcane Bagasse

Sugarcane bagasse is the wastes from the sugar factory. It is obtained as a left-over
material after the juice is extracted from the sugarcane. Sugarcane bagasse (SCB)
was analyzed for its composition, structure, and surface properties (Table 9.4).

Table 9.4 Composition of arable crop residues based on dry mass (DM) and potential for
bioethanol production

Biomass Residue/
crop ratio

DM
(%)

Cellulose
(%)

Hemicellulose
(%)

Lignin
(%)

Carbohydrates
(%)

Ethanol
(l/kg DM)

Barley 1.2 81.0 – – 9.0 70.0 0.31
Maize

(stover)
1 78.5 45 35 15–19 58.3 0.29

Oat 1.3 90.1 – – 13.7 59.1 0.26
Rice straw 1.4 88.0 32–47 19–27 5.571 49.3 0.28
Sorghum 1.3 88.0 – – 15.0 61.0 0.27
Wheat

straw
1.3 90.1 33–40 20–25 16–20 54.0 0.29

Sugarcane
Bagasse

0.6a 171 40–45 30–35 20–30 67.1 0.28

Source [95, 140, 144]
a kg of bagasse/kg of dry sugarcane
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Because of its lower ash content, 1.9% [111], bagasse offers numerous advantages
compared to other agro-based residues such as paddy straw, 16% [4], rice straw,
14.5% [60], and wheat straw, 9.2% [210]. In another study, SCB was obtained
from a small sugarcane juice factory and milled for analysis of different types of
fibers. It is important to note that most developments in SCB transformation into
sugars and ethanol have a common scientific base with other lignocellulosic
materials, due to considerable similarity in composition and structure.

9.2.3 Rice Straw

Rice straw, a waste from paddy processing, has several characteristics that make it
a potential feedstock for fuel ethanol production. It has high cellulose and hemi-
cellulose content that can be readily hydrolyzed into fermentable sugars. The
chemical composition of feedstock has a major influence on the efficiency of
bioenergy generation. The low feedstock quality of rice straw is primarily deter-
mined by a high ash content (10–17%) compared to wheat straw (around 3%) and
also high silica content in ash (SiO2 is 75% in rice and 55% in wheat) [205]. On
the other hand, rice straw as feedstock has the advantage of having a relatively low
total alkali content (Na2O and K2O typically comprise\15% of total ash), whereas
wheat straw can typically have [25% alkali content in ash [12].

In terms of chemical composition, the straw predominantly contains cellulose
(32–47%), hemicellulose (19–27%), and lignin (5–24%) [48, 116, 159, 204] as
shown in Table 9.4. The pentoses are dominant in hemicellulose, in which xylose
is the most important sugar (14.8–20.2%) [149].

9.2.4 Fruit and Vegetable Waste

9.2.4.1 Apple Pomace

Apple pomace is the solid phase resulting from pressing apples for juice, con-
taining the pulp, peels, and cores. It accounts for 25–35% of the dry weight of
processed apple. It has very high moisture content and can be easily decomposed
by microorganisms. It is of yellow-to-brown color [7]. It is a rich source of many
nutrients including carbohydrates, minerals, fibers except protein [162]. Apple
pomace has high contents of carbohydrates with about 9.5–22.0% of fermentable
sugar [174] which makes it a good substrate for fermentation while its low protein
content indicates its unsuitability as animal feed [67, 86].

The amount of initial sugar content, however, depends upon the variety of apple
processed, the processing conditions used, and the amount of filter aids added [66].
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Alcohol-soluble compounds (monosaccharides, oligosaccharides, and malic acid)
accounted for 32–45 wt% of oven-dry pomace. Glucose and fructose are the major
components of this fraction. Apple pomace is an acidic substrate and has con-
siderable buffering capacity due to the presence of malic acid in it. Apple pomace
has high levels of Biochemical Oxygen Demand/Chemical Oxygen Demand
(BOD/COD) and is highly biodegradable. The proximate composition of apple
pomace is shown in Table 9.5.

Table 9.5 Proximate composition of apple pomace

Constituents Composition

Wet weight basis Dry weight basis

Moisture (%) 66.4–78.2 3.97–5.40
Acidity (% malic acid) NA 2.54–3.28
Total soluble solids

(TSS oB)
NA 57.85

Total carbohydrate (%) 9.50–22.00 48.00–62.00
Glucose (%) 6.10 22.70
Fructose (%) 13.60 23.60
Sucrose (%) NA 1.80
Xylose (%) NA 0.06

pH 3.05–3.80 3.90
Vitamin-C (mg/100 g) – 8.53–18.50
Soluble proteins (%) NA 3.29
Protein (%) 1.03–1.82 4.45–5.67
Crude fiber (%) 4.30–10.50 4.70–48.72
Fat (ether extract, %) 0.82–1.43 3.49–3.90
Pectin (%) 1.50–2.50 3.50–14.32
Ash (%) NA 1.60
Polyphenols (%) NA 0.99
Amino acids (%) NA 1.52
Minerals
Potassium (%) NA 0.95
Calcium (%) NA 0.06
Sodium (%) NA 0.20
Magnesium (%) NA 0.02
Copper (mg/l) NA 1.10
Zinc (mg/l) NA 15.00
Manganese (mg/l) NA 8.50–9.00
Iron (mg/l) NA 230.00
Calorific value (kcal/100 g) NA 295.00

Source [65, 84, 86, 92, 174]
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9.2.4.2 Banana Waste

Banana waste mainly comprises the peels and stalks. The physicochemical char-
acteristics given in Table 9.6 clearly show that it can be used for ethanol
production.

9.2.4.3 Pineapple Waste

Pineapple waste comprises the skin, seeds, and remaining parts after juice
extraction. Cooked Sago is added to mill juice to enrich it with sugar to a level of
8% (w/w). The physicochemical characteristics of pineapple waste are given in
Table 9.6 that shows its potential for ethanol production due to high carbohy-
drates/total solids content [183].

9.2.4.4 Orange Peel Waste

Orange waste is another substrate used for ethanol production. The proximate
composition of orange waste and orange filtrate is given in Table 9.7.

9.2.4.5 Potato Peel Waste

The proximate composition of potato waste and potato filtrate (Table 9.7).
Apparently, indicates its suitability for the production of ethanol.

Table 9.6 Characteristics of banana peel and pineapple wastes

Banana peel Pineapple waste

Total solidsa 10.68 7.80
Volatile solidsb 86.65 89.40
Ash 13.35 10.60
Organic carbon 41.37 51.85
Total carbohydrates 23.44 35.00
Cellulose 11.11 19.80
Hemicellulose 5.36 11.70
Total soluble 35.89 30.00
Total nitrogen 1.06 0.95
C/N ratio 39:1 55:1

Source [132]
a Percent total weight
b Percent total solid unless otherwise mentioned
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9.2.5 Coffee Waste

Use of coffee waste as a substrate for ethanol fermentation has also been reported
earlier [16].

9.2.6 Cheese Whey

Large amounts of whey produced is posing a serious problem all over the world for
its proper utilization. Only a few countries have succeeded in utilizing their total
whey production [147]. Whey is rich in lactose, a dimer of glucose and galactose
unit, and can be fermented only by a selected number of yeasts. Because glucose
and galactose are readily fermentable sugars, it is suggested that b-galactosidase
treated whey could make a better substrate for industrial fermentation than
untreated whey.

9.2.7 Spent Sulfite Liquor

The sulfite process involving the delignification of wood with acid bisulfite is
widely used by mills in Europe and North America. While the lignin part is
solubilized by combining with HSO3, the wood cellulose largely remains unde-
graded. The hemicelluloses are hydrolyzed into monosaccharides. Spent sulfite
liquor (SSL), which consists of lignin sulfonates, hexoses and pentoses,

Table 9.7 Proximate composition of orange and potato waste materials

Component (%Y)a Orange waste (peel,
pulp, and seeds)

Potato waste (peel
and trimmings)

Orange filtrate Potato filtrate

Dry matter 20.98 17.82 4.29 1.69
Alcohol-insoluble

solids
63.00 62.70 19.60 22.49

Total soluble sugars 15.00 1.40 16.9 3.92
Reducing sugars 9.16 0.91 10.24 3.04
Pectin 20.93 3.39 2.62 0.41
Cellulose 10.59 2.20 2.19 0.14
Starch \1.00 66.78 \1.00 44.81
Crude protein 6.53 14.70 0.53 3.31
Ash 3.78 7.65 0.78 0.82
Volatile solids 96.22 92.32 99.22 99.18
pH 4.30 5.99 4.30 5.99

Source [115]
a All components are expressed as percent dry weights except the dry matter that is the per cent
wet weight. Values are expressed as the mean of three determinations (variation \5%)
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polysaccharides, galacturonic and acetic acid, some resins and unconsumed
bisulfite, and ash, creates a major pollution problem when discharged into
receiving water. Being the source of different types of carbohydrates, it has the
potential for conversion into ethanol.

9.2.8 Bioethanol from Algae

The production of motor fuel from algae has been subjected to research for dec-
ades. Now, there is an opportunity to produce bioethanol simultaneous to the third-
generation biofuel—algae diesel (Oligae). Carbohydrates in algae oil can still be
converted into starch that can be used for ethanol production after hydrolysis into
simple sugars.

9.3 Microorganisms for Bioethanol Production

9.3.1 Microorganisms and Their Characteristics

Microorganisms are a key component of the technology used in different fermen-
tation regimes, including ethanol. Diverse groups of microorganisms are capable of
producing ethanol. These include yeasts, Saccharomyces cerevisiae, Schizosac-
charomyces pombe, bacteria Zymomonas mobilis, fungus Fusarium oxysporum,
yeast-like fungus Pachysolen tannophylus, and thermophilic bacteria [28].
Saccharomyces cerevisae and Schizosaccharomyces pombe represent the organism
of choice for the industrial production of ethanol due to the following features:

• Capable of fermenting a diverse range of sugars and sole production of ethanol,
CO2 under anaerobic conditions

• Due to their comparatively bigger size, they flocculate well to supply clean wash
to the still and the wash and distillate lack offensive odor

• Contamination problem is under control as the fermentation process operates at
low pH and high sugar concentration

• Are genetically stable and ferment 20–25% (w/v) sugar in molasses solution
completely

9.3.2 Substrate and Microorganisms

The substrates mainly used in alcoholic fermentation are sugars with ethanol as
the main product. The ability is widely distributed among the microorganisms.
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The species of Saccharomyces are the main alcohol producers amongst the yeast
Z. mobilis can also produce ethanol from glucose, which otherwise only utilize
hexoses [150]. Alcohol is not a predominant end product in other bacteria. Certain
yeasts including S. cerevisiae can also ferment pentose sugar, xylose to ethanol
though the yield is lower compared to the fermentation of hexoses. For industrial
alcohol production, yeast strains are generally chosen from S. cerevisiae, Sac-
charomyces ellipsoideus, Saccharomyces carlsbergensis, Saccharomyces fragilis,
and S. pombe. For whey fermentation, Torula cremoris or Candida pseudotropi-
calis is used. Yeasts are carefully selected for high growth and fermentation rate,
high ethanol yield, ethanol and glucose tolerance, osmo-tolerance, low pH fer-
mentation optimum, high temperature fermentation and general hardiness under
physical and chemical stress. Ethanol and glucose tolerance allows the conversion
of concentrated feeds into concentrated products reducing the energy requirements
for distillation and stillage handling. The osmo-tolerance property allows the
handling of relatively concentrated raw materials such as blackstrap molasses with
its high salt content. The osmo-tolerance capacity it also allows the recycle of
large protein of stillage liquids, thus reducing stillage handling costs. Low pH
fermentation combats contamination by competing organisms by preventing their
growth. High temperature tolerance simplifies fermenter cooling. General hardi-
ness allows yeast to survive both the ordinary stress of handling as well as the
stresses arising from plant upset. The years of careful selection by industrial use
have led to the selection of yeast strains with these desirable characteristics. Many
of the best strains of yeast are proprietary but others are available from the culture
collections [33].

9.3.3 Lignocellulosic Material for Ethanolic Fermentation

Fermentation of the sugars generated from enzymatic hydrolysis of biomass is
another important step where a lot of technical advances are needed to make
lignocellulosic ethanol technology feasible. What is desired in an ideal organism
for biomass-ethanol technology would be a high yield of ethanol, broad substrate
utilization range, resistance to inhibitory compounds generated during the course
of lignocellulose hydrolysis and ethanol fermentation, ability to withstand high
sugar and alcohol concentrations, higher temperatures and lower pH, and minimal
by-product formation [143]. Unfortunately, all these features seldom exist together
in any wild organism and the need of the industry would be to develop an
organism which will at least partially satisfy these requirements [208].

The ability to use the hemicellulose component in biomass feedstock is critical
for any bioethanol project. S. cerevisiae and Z. mobilis, the commonly employed
organisms used in alcohol fermentation, lack the ability to ferment hemicellulose
and derived pentose (C5) sugars. While there are organisms that can ferment C5
sugars (e.g., Pichia stipitis, Pachysolen tannophilus, Candida shehatae), the effi-
ciencies are low. These organisms also need microaerophilic conditions and are
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sensitive to inhibitors, higher concentrations of ethanol, and lower pH [26].
Worldwide, a lot of R&D efforts are being directed to engineer organisms for
fermenting both hexose (C6) and pentose (C5 sugars) with considerable amount of
success [4]. There are a large number of microorganisms including bacteria and
fungi that are capable of breaking down cellulose into monosaccharides either
aerobically or anaerobically. The anaerobic bacteria include Bacteroids cellulo-
solvents, Bacillus spp. Clostridium cellulolyticum, Clostridium cellulovorans,
Cellvibrio gilvus, Candida lusitance, etc. The fermentation of cellulose yields a
variety of products, e.g., ethanol, lactate, acetate, butyrate, H2, CO2, etc.

Introduction of bacteria has been the greatest microbiological innovation
because they produce less biomass, low concentration of by-products, and high
productivity. The bacterium Z. mobilis ferments glucose to ethanol by with a
typical yield of 5–10% higher than that of most of the yeasts though it is lesser
ethanol tolerant than industrial yeast strains [151]. However, the small bacterium is
difficult to centrifuge. Zymomonas being a simple prokaryote, an important
possibility for the future is development of genetically modified organisms
especially tuned to more ethanol tolerance and improved centrifugability [109].

Clostridium thermosaccharolyticum, Thermoanaerobacter ethanolicus, and
other thermophillic bacteria as well as Pachysolen tannophilus yeast [177] are
employed in fermenting pentose sugars which are nonfermentable by other
organisms usually employed in ethanol production. These bacteria also convert
hexose sugars. They have minimum end-product inhibition because very high
temperature reactions would allow simple continuous stripping of ethanol from the
active fermenting mixture. The yield of alcohol was further improved by cocul-
turing C. thermocellum with C. thermosaccharolyticum or C. thermomophydro-
sulphuricum [156]. However, the organisms so far studied produce excessive
quantities of undesirable by-products and require strict anaerobic conditions which
would be difficult to maintain on an industrial scale [53, 154].

Several microorganisms, including bacteria, yeasts, and filamentous fungi, have
capacity to ferment lignocellulosic hydrolysates generating ethanol. Among them,
Escherichia coli, Z. mobilis, S. cerevisiae, and P. stipitis are the most relevant in
the context of lignocellulosic ethanol bioprocesses. These microorganisms have
different natural characteristics that can be regarded as either advantageous or
disadvantageous in processes of ethanol production from hemicelluloses
(Table 9.8).

Pure and mixed cultures of Z. mobilis and Saccharomyces sp. were tested for
the production of ethanol by fermentation of medium containing sucrose (200 g/l)
at 30�C. The best results were obtained using fermentation for 63 h by a mixed
culture and the average hourly ethanol productivity was 1.5 g/l [2, 161]. Ethanol
fermentation from culled apple juice was compared by using Sacharomyces and
Zymomonas spp. Ethanol production from culled apple juice showed that fer-
mentability of the juice could be enhanced by addition of Di-ammonium hydrogen
phosphate (DAPH) or ammonium sulfate in Saccharomyces and DAHP in
Zymomonas. Trace elements however, inhibited the fermentation in both the cases.
Physicochemical characteristics of the fermented apple juices were also analyzed.
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Overall, S. cerevisiae proved better than Zymomonas for fermentation of apple
juice [161].

9.3.4 Fermentation of Syngas into Ethanol

Microorganisms capable of converting syngas into ethanol and other bioproducts
are predominantly mesophilic (Table 9.9). The most favorable operational tem-
perature for mesophilic microorganisms is between 37 and 40�C whereas for
thermophilic, the temperature varies between 55 and 80�C. Some thermophilic
microbes, however, can operate at a higher temperature. The most favourable pH
range for efficient microbial activity varies between 5.8 and 7.0, employed to
conduct the fermentation, depending upon the species.

9.4 Biochemistry of Fermentation

9.4.1 Fermentation of Carbohydrates

Carbohydrates serve as the chief source of energy in all heterotrophs with sup-
plementation by proteins and fats. The metabolic sequence of energy generation
from these major groups of nutrients suggests that carbohydrates are the source of

Table 9.8 Characteristics of the most relevant microorganisms considered for ethanol produc-
tion from hemicelluloses

Characteristics Microorganism

E. coli Z. mobilis S. cerevisiae P. stipitis

D-glucose fermentation + + + +
other hexose utilization

(D-galactose and D-mannose) + - + +
pentose utilization

(D-xylose and L-arabinose) + - - +
Direct hemicellulose utilization - - - w
Anaerobic fermentation + + + -

Mixed-product formation + w w w
High ethanol productivity

(from glucose) - + + -

Ethanol tolerance w w + w
Tolerance to lignocelluloe w w + w

derived inhibitors
Osmotolerance - - + w
Acidic pH range - - + w

+, Positive; -, negative; w, weak
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energy in the primitive form of life. In the following section, the degradation of
carbohydrates, especially polysaccharides that are generally the source of energy
liberated either by fermentation or through other metabolic processes, will be
discussed.

9.4.1.1 Glucose

Among hexoses, glucose is the immediate metabolizing sugar that can be fer-
mented through different pathways such as glycolysis. The orientation of the -H
and -OH groups around the carbon atom adjacent to the terminal primary alcohol
carbon (carbon 5 in glucose) determines whether the sugar belongs to the D or L
series. When the -OH group on this carbon is on the right side, the sugar is the D-
isomer; when it is on the left, it is the L-isomer. Most of the monosaccharides
occurring in mammals are D sugars (Fig. 9.1), and the enzymes responsible for
their metabolism are specific for this configuration. In solution, glucose is dex-
trorotatory—hence the alternative name dextrose, often used in clinical practice.
Other important hexoses like galactose and mannose are first either converted into

Table 9.9 Frequently used mesophilic and thermophilic microorganisms, and their optimum
growth conditions

Species Temperature
optimum(�C)

pH
optimum

Products References

Mesophilic microorganisms
Acetobacterium woodii 30 6.8 Acetate [49]
Butyribbacterium

methylotrophicum
37 5.8–6.0 Acetate, Butyrate,

Lactate,
Pyruvate

[168]

Clostridium aceticum 30 8.5 Acetate [171]
Clostridium

autoethanogenum
37 5.8–6.0 Acetate,

ethanol
[3]

Clostridium ljungdahlii 37 6.0 Acetate,
ethanol

[184]

Clostridium
carboxidivorans

38 6.2 Acetate, ethanol,
butyrate, butanol

[113]

Clostridium leatocellum
SG6

35 7–7.2 Acetate,lactate,
ethanol

[146]

Thermophilic microorganisms
Moorella

thermoautotrophica
58 6.1 Acetate [164]

Clostridium
thermoaceticum

55 6.5–6.8 Acetate [32]

Clostridium
thermocellum

60 7.5–6.0 Acetate [47]

Carboxydocella
sporoproducens

60 6.8 H2 [173]
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glucose before fermentation or their products after initial metabolism join the
glycolytic sequence. Figure 9.2 shows the pathway of glucose degradation.

9.4.1.2 Sucrose

This disaccharide is most commonly used as the carbon and energy source by
fermentative microorganisms. It is a non-reducing sugar consisting of one mole-
cule each of D-glucose and D-fructose linked through a-1, b-2 glycosidic bond
(Fig. 9.3). In the fermentation process, sucrose is first hydrolyzed by invertase
(sucrase) to D-glucose and D-fructose. D-glucose directly enters the glycolysis
while fructose joins the main stream after phosphorylation with ATP in a hexo-
kinase-catalyzed reaction. Sucrose can also be fermented through its initial
breakdown by sucrose phosphorylase (Fig. 9.4).

9.4.1.3 Lactose

Lactose is a milk sugar. In dairy products, the fermentation of this sugar plays a
vital role. Lactose is a disaccharide of D-galactose and D-glucose bonded to
each other by b-1,4 glycosidic linkage. Lactose cannot be taken up freely by
the microbial cells. A specific transport system is required for the translocation
of this sugar to the site of metabolism. Lactose transported through PTS gets
phosphorylated as lactose-6-P, while the other system translocates it unphos-
phorylated. Once lactose is translocated, it is fermented first undergoing
hydrolysis into monosaccharides with the help of b-galactosidase, also called
lactase. The former enzyme is present in the lactic acid bacteria. Approxi-
mately, 80% of the galactose originated from lactose is metabolized via taga-
tose pathway. Figure 9.5 shows the structure of lactose.

Fig. 9.1 D-Glucose. a Straight chain form. b a-D-Glucose; Haworth projection. c a-D-Glucose;
chair form
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Fig. 9.2 Pathway of glucose
degradation. a hexokinase,
b phosphoglucose isomerise,
c phosphofructokinase,
d aldolase, e triosephosphate,
f glyceraldehydes-3-P-
defydrogenase,
g phosphoglycerate kinase,
h phosphoglycerate mutase,
i enolase, j pyruvate kinase
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9.4.1.4 Starch

Starch is a homopolysaccharide of D-glucose units that are joined to each other
through a 1,4-glycosidic bond. Starch has two components, amylose and amylo-
pectin (Fig. 9.6). Amylose is an unbranched molecule with molecular weight
ranging from a few thousands to 5,000,00. One end of each chain with free
hemiacetal group is reducing while the other is nonreducing in nature. The typical
blue color with starch is due to its ability to form a helical structure. It is soluble in
water. Amylopectin is a branched polysaccharide with b 1–6 linkage at every

Fig. 9.3 Structure of sucrose

Sucrose +Pi Glucose-1-P + Fructose Mannitol 
sucrose  

phosphorylase 

Glucose-6-P         Fructose-6-P 

Pyruvate 

Lactic acid, acetic acid, ethanol, CO2 

Fig. 9.4 The scheme of
sucrose fermentation

Fig. 9.5 Structure of lactose
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25–30 glucose units. The molecular weight and branching per chain differ for
different sources of starch.

Starch is widely distributed from lower microalgae such as Chlamydomonas to
higher plants. In plants, it is the major storage material. A great diversity of
microorganisms is able to utilize this polysaccharide. The hydrolysis of starch into
glucose in biological systems is carried out with multiple enzymes. For the
commercial application of amylolytic enzymes, the reader is referred to an earlier
review [62].

9.4.1.5 Cellulose

It is the most abundant material on earth. About 50% of the CO2 fixed photo-
synthetically is stored in the form of cellulose [43] as a result of the total

E1 : α- amylase E2 : β- amylase E3 : starch phosphorylase E4 : 1      6 glucosidase

Fig. 9.6 Diagrammatic depiction of action of amylases, starch phosphorylase, and 1?6
glucosidase on starch
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photosynthetic activity [165]. The cereal straw contains 30–40% cellulose while
in cotton, flex, etc. the contents are as high as 98%. This form of carbon if
recycled can meet the future needs of food energy. Being highly resistant to acid
hydrolysis, the recycling process is not without problems. Microorganisms play a
pivotal role in recycling of cellulosic carbon. The higher eukaryotes are unable to
hydrolyze this polymer. However, the ruminants do so with the help of intestinal
microbes.

Cellulose is a homopolysaccharide of D-glucose units joined in a linear fashion
through b-1,4-glycosidic linkage (chain length 1.5 9 104 glucose units). The
cellulose molecules are joined to each other through hydrogen bonds and van der
wall forces. The cellulose is insoluble in water and does not give characteristic
color with iodine. There is a large number of microorganisms including bacteria
and fungi which are capable of breaking down cellulose into monosaccharides
either aerobically or anaerobically. The anaerobic bacteria include Bacteroids
cellulosolvents, Bacillus sp., C. cellulolyticum, C. cellulovorans, Cellvibrio gilvus,
Candida lusitance, etc. The fermentation of cellulose yields a variety of products,
e.g., ethanol, lactate, acetate, butyrate, H2, CO2 , etc. Due to its water insoluble
nature and impermeability to cell wall, the hydrolytic degradation of cellulose
occurs through extracellular secretion of enzymes. A single enzyme cannot
accomplish the task of cellulose hydrolysis and requires multiple enzymes.

As shown in Fig. 9.7, the saccharification of cellulosic material to glucose
involves three types of enzymes: (i) endo-b-1, 4 glucosidase, (ii) exo-cellobio-
hydrolase, and (iii) b-glucosidase. The activities of both endo-glucanase and exo-
cellobiohydrolase are regulated by cellulose through feedback inhibition. The
action of b-glucosidase removes cellobiose by hydrolyzing it to glucose that
allows the cellulolytic enzymes to function more efficiently. However, b-gluco-
sidase is sensitive to inhibition by its substrate as well as product. A high glucose
tolerant b-glucosidase from Candida sp. [158] has been purified as efforts to tap
cellulosic biomass to form glucose and its subsequent fermentation to ethanol.

9.4.1.6 Hemicelluloses

These are components of cell walls associated with cellulose and are the second
largest available organic renewable resource [36]. Hemicellulose consists of xy-
loglucans with a chain of D-xylose linked through b-1-4 glycosidic bond (Fig. 9.8).
The xylose polymer normally contains side chain branches of a-1-3 linked
D-mannose and b-1-2 linked D-galactose, b-1-4 linked D-mannose and a-1-2 linked
D-glucose. In hardwood hemicelluloses, the xylose units are intermittently esteri-
fied with acetic acid at the hydroxyl group of carbon 2 and/or 3 [112].The xylan of
softwood, however, is not esterified. The presence of side groups, protruding from
the linear b-1, 4 configuration, increases the solubility and thus, renders the sub-
strate easily to hydrolysis.

Due to the complex structure of hemicelluloses, several enzymes are needed for
their enzymatic degradation. The main glucanase depolymerizing the hemicellulose

9 Production of Bioethanol from Food Industry Waste 269



Fig. 9.7 Enzymes involved in cellulose degradation. a Endo-b-1,4 glucosidase. b Exo-b-1,4
glucosidase. c b-glucosidase. d Cellobiose phosphorylase. e Cellobiose kinase and phospho-b-
glucosidase
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backbone is endo-1,4-b-D-xylosidic linkages in xylans resulting in the production of
small oligosaccharides. The enzyme does not hydrolyze xylobiose and xylotriose.
The xylan-oligosaccharides are further hydrolyzed by the action of exo-1,4-b-D-
xylosidase which removes successive D-xylose residues from the non-reducing
terminal. The action of xylanase is, however, restricted due to side chains. Never-
theless, the accompanying arabinosidase, galactosidase, glucuronidase, and man-
nosidase remove the branch points allowing xylanase action. The monomeric xylose
molecules are fermented to ethanol or can be utilized to produce single cell proteins
or single cell oil [44, 46].

9.4.2 Efficiency of Ethanol Formation

C6H12O6
glucose

þ2ADP þ 2Pi! 2CH3CH2OH
ethanol

þ2CO2 þ 2ATP

As shown in the above equation, one molecule of glucose produces two molecules
each of ethanol and CO2, under anaerobic conditions. In other words, 180 g of
glucose (1 mol) should yield 92 g of ethanol (2 mol) and 88 g of CO2 (2 mol).
The theoretical yield of ethanol production, therefore, comes to 51%. Under
practical conditions, a very high percent (i.e., 47%) yield can be achieved. The
metabolism though yields equimolar quantity of CO2 and ethanol, the actual
amount of CO2 liberated is less than theoretical. This is because of partial reuti-
lization of CO2 in anabolic carboxylation reactions [138]. According to an esti-
mate, about 85% of the sugars are metabolized to ethanol and CO2, and the energy
produced is used for various cell functions. The rest of the sugars are channeled for
biosynthetic reactions. Figure 9.9 shows the pathway of conversion of pyruvate
into ethanol and CO2.

Fig. 9.8 Hemicellulose
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9.4.3 Metabolic Engineering for the Production of Advanced
Fuels

Use of ethanol as a biofuel has several limitations, such as high vapor pressure, low
energy density, and corrosiveness, which prevents its widespread utilization [73,
74, 76, 141]. Bioethanol production, higher alcohols, fatty acid derivatives
including biodiesels, alkanes, and alkenes are more compatible with gasoline-based
fuels and allow direct utilization. Some of these compounds are also important
chemical feedstocks. Since native organisms do not produce these compounds
naturally in high quantities, metabolic engineering becomes essential for producing
these compounds in non-native producing organisms such as E. coli. The four
major metabolic systems that allow the production of higher alcohols are the
coenzyme-A mediated pathways, the keto acid pathways, the fatty acid pathway,
and the isoprenoid pathways which have been discussed in the subsequent sections.

9.4.3.1 The Coenzyme-A-Dependent Fermentative Pathways

n-Butanol and isopropanol are the two higher alcohols which are overproduced in
nature by Clostridium species. The fermentative pathway in this organism starts
from acetyl-CoA. The enzyme acetyl-CoA acetyltransferase condenses two mol-
ecules of acetyl-CoA to one molecule of acetyl-CoA. This molecule branches the
pathway into isopropanol and n-butanol. For the biosynthesis of isopropanol, an
acetoacetyl-CoA transferase transfers the CoA group away from acetoacetyl-CoA

Fig. 9.9 Pathway of
conversion of pyruvate into
ethanol
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to acetate or butyrate, forming acetoacetate. Acetoacetate is decarboxylated to
acetone by an acetoacetate decarboxylase. Then, acetone is reduced to isopropanol
by a NADPH-dependent secondary alcohol dehydrogenase [64]. For n-butanol
biosynthesis, acetoacetate has to go through four steps of NADH-dependent
reduction and one step of dehydration as shown in Fig. 9.10.

Isopropanol and n-butanol are produced by Clostridium species. However,
production by this procedure is difficult to handle and optimize, because of

Fig. 9.10 Metabolic
pathways for isopropanol and
1-butanol production in
engineered E. coli. The
dashed line indicates omitted
steps. Isopropanol pathway
consists of four enzymatic
steps from acetyl-CoA. 1-
Butanol pathway consists of
six enzymatic steps. aceEF
and lpd encode pyruvate
dehydrogenase; atoB/thl
encodes acetyl-CoA
acetyltransferase; ctfAB/
atoAD encodes acetoacetyl-
CoA transferase; adc,
acetoacetate decarboxylase;
sadh encodes secondary
alcohol dehydrogenase; hbd
encodes 3-hydroxybutyryl-
CoA dehydrogenase; crt
encodes crotonase; bcd
encodes butyryl-CoA
dehydrogenase; etf encodes
electron transfer
Xavoprotein; adhE2 encodes
aldehyde/alcohol
dehydrogenase. Source [64]
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complex physiological features, such as oxygen sensitivity, slow-growth rate, and
spore-forming life cycles of Clostridium. Therefore, E. coli has been metabolically
engineered to produce acetone, the immediate precursor of isopropanol [15] and n-
butanol production by using the traditional CoA-dependent pathway originated
from C. acetobutylicum [8].

9.4.3.2 The Keto Acid Pathways

In a heterologous host such as E. coli, a non-native pathway introduces non-
native metabolites and potential toxicity, difficult to express in heterologous
enzymes. Consequently, metabolic imbalance and cytotoxicity that poses as a
barrier for large quantity production. It is therefore, necessary to seek for path-
ways that are compatible with the host. Biosynthesis of amino acid generates
many keto acid intermediates. By using decarboxylation and reduction catalyzed
by keto acid decarboxylase and alcohol dehydogenase, these keto acids can be
converted into alcohols. For example, the isoleucine biosynthesis pathway gen-
erates n-propanol and 2-methyl-1-butanol, valine biosynthesis pathway produces
2-keto-isovalerate which is the precursor for isobutanol, the leucine biosynthesis
generates 2-keto-4-methyl-pentanoate, which is the substrate for 3-methyl-1-
butanol, the phenylalanine biosynthesis pathway leads to 2-phenylethanol and
nor-valine biosynthesis pathway produces a substrate for n-butanol [9].These
pathways have been recently used for the production of alcohols in E.coli with
good results (Fig. 9.11).

Fig. 9.11 Schematic illustration of higher chain alcohol production via keto acid pathway. keto
acid decarboxylase (KDC), alcohol dehydrogenase (ADH)
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9.4.3.3 The Fatty Acid Biosynthesis Pathway

Fatty acid biosynthesis pathway uses acetyl-CoA as a starting molecule [114].
Acetyl-CoA is converted into malonyl-CoA by the addition of a carboxyl group
using acetyl-CoA carboxylase as a catalyst. The acetyl and malonyl groups on
acetyl-CoA and malonyl-CoA are transferred to a small protein called acyl carrier
protein (ACP), which has 77 amino acid residues with a phosphopantothene group
specifically attached to a serine residue. Acetyl-ACP and malonyl-ACP are con-
densed to generate acetoacyl-ACP. This molecule, then goes through reduction,
dehydration, and another reduction step to form a 2,3,4-saturated fatty acyl-ACP.
The fatty acids synthesized have a long carbon chain backbone, which stores a
large amount of energy. To transform fatty acids into combustible fuels, pathways
leading to biodiesels and long-chain alkanes/alkenes have been proposed. The
fatty acyl-CoA can be reduced to the corresponding fatty aldehydes, which are in
turn decarboxylated to long-chain alkanes or further reduced to fatty alcohols that
can also be esterified to biodiesel with acetyl-CoA by an alcohol acyltransferase or
ester synthase [1, 148]. Biodiesel as a possible substitute for petroleum-based
diesel fuel is made from plant oils through transesterification of triacylglycerols
with methanol or ethanol. Large-scale application of biodiesel seems difficult
because of the seasonal restrictions and the costliness of the transesterification
procedure [89]. To overcome these drawbacks, E. coli was engineered to produce
fatty acid ethyl esters, where the traditional pathway of ethanol consisting of
pyruvate decarboxylase (PDC) and alcohol dehydrogenase was introduced to
supply ethanol as building units. The metabolically engineered E. coli was
reported to have capability to produce fatty acid ethyl esters at a titer of 1.28 g/l,
by using glucose and oleic acid as substrates.

9.4.3.4 Isoprenoid Pathway

Isoprenoids are natural hydrocarbons biosynthesized for a wide variety of func-
tions. The isoprenoid pathway has been engineered in heterologous hosts to pro-
duce nutraceuticals or pharmaceuticals [155]. Despite this, isoprenoids synthesized
from isoprenyl diphosphate and dimethylallyl pyrophosphate which are either
synthesized from glyceraldehydes-3-phosphate or pyruvate. Recently, two genes in
Bacillus subtilis 6051 whose products can convert the prenyl diphosphate pre-
cursors into corresponding isoprenoids have been reported [195].

9.5 Genetically Modified Microorganisms for Bioethanol
Production

Genetical engineering techniques have been applied to increase substrate range in
microorganisms such as S. cerevisiae and Z. mobilis that help to maximize ethanol
production like that in E. Coli. It also supplies other important traits for conversion
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of lignocellulose into ethanol. Since the molecular basis for ethanol and inhibitor
tolerance is not fully understood, random mutagenesis and evolutionary engi-
neering have also been applied to improve those traits. Moreover, as a result of
technological developments, systems biology approaches have recently been
applied to characterize the functional genomics of microorganisms and to evaluate
the impact of metabolic and evolutionary engineering strategies. This advanced
characterization (genomics, transcriptomics, proteomics, metabolomics) is already
contributing to better understand that physiological responses and to identify
crucial targets for metabolic engineering [14, 90, 189].

9.5.1 Escherichia coli

In E. coli, the obvious and successful strategy to increase ethanol production has
been the expression of the ethanologenic pathway from Z. mobilis, with the genes
encoding PDC and ADH II organized in a single plasmid, the PET operon [73, 76],
the latter integrated in the chromosome [134]. Subsequent selection of mutants
with high ADH activity and disrupted fumarate reductase (for succinate produc-
tion) originated KO11 strain that produces ethanol at a yield of 95% [135].
However, this strain is unable to grow in ethanol concentrations of 3.5% [199].
Evolutionary genetic engineering strategies were then, applied during a 3-month
period, by alternating selection for ethanol tolerance in liquid media and selection
for increased ethanol production in solid medium [199]. The resulting strain,
LY01, was able to grow in ethanol concentrations of 5%. Coincidentally, this
strain became more resistant to aldehydes (including HMF and furfural), organic
acids, and alcohol compounds i.e. found in hemicelluloses hydrolysates [201–203].
However, LY01 strain performed poorly in mineral medium compared to rich
medium [199]. To avoid dependence on nutritional supplementation, a new strain
was produced from SZ110 [200], while the parental strain KO11 was engineered
for lactate production in mineral medium [211].

9.5.2 Zymomonas mobilis

Contrary to E. coli, Z. mobilis is an ethanologenic bacterium and lacks the ability
to metabolize hemi-celluloses derived monosaccharides, except glucose. There-
fore, most of the engineering strategies applied to this bacterium intended to
increase their substrate utilization range. In an earlier study, the strain CP4 has
been shown to be the best ethanol producer from glucose. It was first engineered
toward xylose utilization by the expression, on a plasmid, of the E. coli genes
encoding for xylose isomerase (XI), xylulokinase (XK), transaldolase (TAL), and
transketolase (TKL) under the control of strong constitutive promoters [206].
Ethanol yield from xylose fermentation attained 86% of the theoretical. The same
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approach was used to engineer the strain ATCC 39676 toward arabinose fer-
mentation [35]. The genes from the E. coli operon araBAD, encoding L-arabinose
isomerase (AI), L-ribulokinase (RK), L-ribulose-5P 4-epimerase (L-RPE), toge-
ther with TAL and TKL allowed L-arabinose fermentation at high yield (96%) but
at a low rate. This was ascribed to very low affinity of the glucose facilitator to L-
arabinose. The same ATCC 39676 strain was used to express the xylose pathway,
followed by successful long-term (149 d) adaptation in continuous fermentation of
hemicellulose hydrolysates containing xylose, glucose, and acetic acid [106].
Finally, co-fermentation of glucose, xylose, and arabinose was obtained by
genomic DNA integration (AX101 strain) of the xylose and arabinose pathways
[124]. The co-fermentation process yield was about 84%, with preferential order in
sugar utilization: glucose first, then xylose, and arabinose last.

9.5.3 Pichia stipitis

Contrary to S. cerevisiae, P. stipitis is able to naturally utilize L-arabinose and/or
D-xylose and efficiently ferments xylose to ethanol, being the gene donor of the
xylose catabolic pathway successfully expressed in S. cerevisae. It has also been
considered for fermentation of hemicellulose hydrolysates to ethanol [78–80].
Several auxotrophic mutants with higher fermentation capacities and improved
xylose utilization have been developed in order to obtain suitable P. stipitis strains
for further hemicellulose-to-ethanol metabolic engineering [78]. P. stipitis is,
however, unable to grow anaerobically and is more sensitive to ethanol and
inhibitors than S. cerevisiae. The S. cerevisiae gene that confers the ability to grow
under anaerobiosis (URA1, encoding the dihydroorotate dehydrogenase) was
successfully expressed in P. stipitis, allowing anaerobic fermentation of glucose to
ethanol [170]. In addition, the disruption of the cytochrome c gene increased
xylose fermentation and consequently, ethanol yield [169]. In an evolutionary
engineering approach, P. stipitis was adapted in hemicellulose hydrolysate con-
taining glucose, xylose, and arabinose, improving tolerance to acetic acid and
pH [131]. In a CBP perspective, xylan conversion into ethanol was enhanced by
the heterologous expression of fungal xylanases in P. Stipitis [38]. The recent
progress in genomic and transcriptomic characterization of P. stipitis [80] opened
new perspectives for metabolic engineering towards efficient hemicellulose
fermentation.

9.5.4 Kloeckera oxytoca

Similar to recombinant E. coli, ethanologenic strains, K. oxytoca M5A1 was
engineered with PDC/ADH from Z. mobilis for ethanol production from glucose
and xylose [135]. The maximal volumetric productivity from xylose was
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comparable to glucose and almost twice as that previously obtained with E. coli
KO11. Stabilization was achieved by chromosomal integration of the heterologous
genes [40], allowing the strain to be used in hydrolysates and in simultaneous
saccharification and fermentation (SSF) processes. This strain co-ferments glu-
cose, arabinose, and xylose to ethanol, by this order of peference [19]; of notice is
the fact that K. oxytoca is able to naturally metabolize XOS, as mentioned earlier
[145].

9.5.5 Saccharomyces cerevisiae

S. cerevisiae is the preferred industrial microorganism for ethanol production
because of its excellent fermentability and higher tolerance to industrial condi-
tions. However, S. cerevisiae has some problems in producing ethanol from lig-
nocellulosic materials, which are different from that of starch. Hemicelluloses, the
second most common polysaccharide in nature, represent about 20–35% of lig-
nocellulosic biomass. However, S. cerevisiae cannot utilize pentose released from
hemicelluloses of lignocellulosic materials, thus decreasing the yield of ethanol
production. In addition, although S. cerevisiae is robust, it cannot adequately resist
the inhibitors derived from the process of pretreatment of lignocellulose [119].

Pentoses such as xylose and arabinose are the second most abundant fer-
mentable sugars in the hydrolysate from agricultural residues. S. cerevisiae cannot
utilize them due to the absence of enzymes in the first steps of the metabolic
pathways. It is desired for xylose and arabinose to be fermented into ethanol by the
industrial S. cerevisiae yeast strains to improve ethanol production efficiency and
reduce the cost of the production [198].

Metabolic engineering technologies have been widely developed to set up the
new pathways in S. cerevisiae. Wang [191] constructed the recombinant plasmids
containing the genes that encode xylose reductase (XR) and xylitol dehydrogenase
(XDH) from P. stipitis. Xylulokinase (XK) from S. cerevisiae has been trans-
formed into the industrial strain of S. cerevisiae for the co-fermentation of glucose
and xylose. This recombinant strain NAN-127 consumed twice as much xylose
and produced 39% more ethanol than the parent strain in shake-flask fermentation
[191]. However, the expression of so many enzymes in a single microorganism
may represent a metabolic burden that negatively influences the fermentation
capacity [54]. Most of the efforts in lignocellulosic ethanol production with
S. cerevisiae has been directed to improve the pentose fermentation. The
expression of the P. stipitis genes XYL1, encoding a xylose reductase (XR), and
XYL2, encoding a xylitol dehydrogenase (XDH), was the first successful approach
for D-xylose utilization by S. cerevisiae [99, 185]. The first recombinant strains
produced xylitol from D-xylose rather than ethanol. It was then suggested that the
endogenous xylulokinase (XK), encoded by XKS1, could be limiting the perfor-
mance of S. cerevisiae on D-xylose.
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9.6 Fermentation

The term ‘fermentation’ is derived from the Latin verb fervere, to boil, thus
describing the appearance of the action of yeast on extracts of fruit or malted grain.
The appearance of boiling is due to the production of carbon dioxide bubbles
caused by the anaerobic catabolism of the sugars present in the extract. However,
fermentation has different meanings according to biochemists and to industrial
microbiologists. Biochemically, it relates to the generation of energy by the
catabolism of organic compounds, whereas its meaning in industrial microbiology
tends to be much broader.

In alcoholic fermentation, the substrates that are mainly sugars are fermented,
with ethanol as the main product. It is widely distributed among microorganisms.
Even plants switch to this pathway for a short period under anaerobic conditions.
However, the yeast cell, especially the species of Saccharomyces is the main
alcohol producer. Some bacteria, particularly Z. mobilis, which only utilize hex-
oses, can also produce ethanol from glucose [150]. In other bacteria, the alcohol is
not a predominant end product. Certain yeasts including S. cerevisiae can also
ferment pentose sugar, xylose to ethanol though the yield is lower compared to the
fermentation of hexoses. The production of alcohol by the action of yeast on malt
or fruit extracts has been carried out on a large scale for many years and was the
first ‘industrial’ process for the production of a microbial metabolite. Thus,
industrial microbiologists have extended the term fermentation to describe any
process for the production of a product by the mass culture of a microorganism. It
may be noted that the fermentation equipment makes upto 10–25% of the total
fixed capital cost of an ethanol plant depending upon its design.

9.6.1 Fermentation Kinetics

9.6.1.1 Yeast Metabolic Pathways

Glucose is converted into ethanol and CO2 via glycolysis, in the anaerobic
pathway:

C6H12O6 ! 2C2H5OHþ 2CO2 þ Energy Stored as ATPð Þ

The overall reaction produces two moles of ethanol and CO2 for every mole of
glucose consumed, with the reaction energy stored in 2 mol of ATP. Every gram
of glucose converted will yield 0.511 g of ethanol, via this pathway. Secondary
reactions consume a small portion of the glucose feed, however, to produce bio-
mass and secondary products, Pasteur found that the actual yield of ethanol from
fermentation by yeast is reduced to 95% of the theoretical maximum (Table 9.10).
For maximum ethanol productivity, aerobic reaction should be avoided as in this
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reaction, sugar is completely converted into CO2, cell mass and by-product with no
ethanol formed.

9.6.1.2 Effect of Sugar Concentration

The primary reactant in the yeast metabolism is hexose sugar (glucose, fructose).
The rate of ethanol production is related to the available sugar concentration by a
Monod-type equation under fermentative conditions:

V ¼ VmaxC=ðKs þ CsÞ;

where
V = specific ethanol productivity (g ethanol/g cells/h)
Cs = Sugar substrate concentration (/g)
Ks = Saturation constant having a very low value (typically 0.2–9.4 g/l).
The yeast is starved at very low substrate concentrations (below 3 g/l) conse-

quently, the productivity decreases [105]. At higher concentrations, a saturation
limit is reached so that the rate of ethanol production per cell is essentially at its
maximum up to 150 g/l sugar concentration. The catabolic (sugar) inhibition of
enzymes in the fermentative pathway becomes important above 150 g/l, and the
conversion rate is slowed down [72, 192].

An important secondary effect of sugar is catabolic repression of the oxidative
pathways—Crabtree Effect. At above 3–30 g/l sugar concentration (depending on
the yeast strain), the production of oxidative enzymes is inhibited [34, 127] thus,
fermentative pathway is adopted. The Crabtree effect is not found in all the yeasts
and is a desirable character in the industrial strains of yeast selected.

9.6.1.3 Effect of Ethanol

Ethanol is also inhibitory to the microorganisms producing it. It has three inhib-
itory effects: inhibition of cell multiplication, inhibition of fermentation, and a
lethal effect on cells (Table 9.11). It is toxic to yeasts and high bioethanol toler-
ances capacity of yeast is a pre-requisite for production of bioethanol. It has been

Table 9.10 Optimum yields
from anaerobic fermentation
by yeast

Product g per 100 g glucose

Ethanol 48.4
Cabon dioxide 46.6
Glycerol 3.3
Succinic acid 0.6
Cell mass 1.2

Source: [71]
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shown that the inhibitory effect of ethanol is generally negligible at low concen-
trations (less than 20 g/l) but increases rapidly at higher concentrations [13]. For
most strains, ethanol production and cell growth are stopped completely at above
l00 g ethanol/l although some very slow fermenting yeasts (Saccharomyces sake)
can tolerate higher ethanol concentrations at low temperatures [23, 70]. Ethanol
inhibition is directly related to the inhibition and denaturation of important gly-
colytic enzymes as well as to the modification of the cell membrane [123, 153].
Various factors, viz., temperature, aeration, medium composition, etc. influence
bioethanol sensitivity directly or indirectly, modify the properties of cell mem-
brane, and membrane lipids.

9.6.1.4 Effect of Oxygen

Aerobic metabolism which leads to utilization of sugar substrate but produces no
alcohol must be avoided to a great extent. However, the trace amounts of oxygen
may greatly stimulate yeast fermentation. Oxygen is required for yeast growth as a
building block for the biosynthesis of polyunsaturated fats and lipids required in
mitochondria and plasma membrane [69]. High sugar concentration is adequate to
repress aerobic sugar consumption in yeasts which shows the Crabtree effect. For
other yeasts or at low sugar concentrations, the oxygen supply should be limited.
Trace amounts of oxygen (0.7 mm Hg Oxygen tension) are adequate and do not
promote aerobic metabolism [30].

9.6.1.5 Effect of pH

Fermentation rate is sensitive to pH, but most distiller’s yeasts show a broad pH
optima from 4 to 6 [29]. Most yeast strains are capable of tolerating high acidic pH
(2) in the solutions without any permanent damage [71].

Table 9.11 Effect of bioethanol concentration (P) on specific growth rate (u) of some yeasts in
batch culture

Saccharomyces cerevisiae
NRRL-Y-132

Saccharomyces cerevisiae
ATCC 4126

Saccharomyces cerevisiae
NCYC-479

Pu (/g) u(h-1) Pu (/g) u (h-1) Pu (/g) u(h-1)

0 0.4 0 0.44 0 0.280
24 0.264 50 0.36 20 0.251
50.4 0.17 60 0.36 40 0.200
66.0 0.091 80 0.28 60 0.139
80.2 0.043 100 No growth 80 0.018
90 No growth 100 0.024

Source [9, 128]
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9.6.1.6 Effect of Temperature

High temperature tolerance is a desirable quality selected for distillery yeasts and
most distillery yeasts have a temperature growth optima of 30–35�C [56]. For low
alcohol concentrations, the optimum fermentation temperature is slightly higher
(up to 38�C) but alcohol tolerance is improved at reduced temperatures [70].
Exposure to temperatures above the optimum results in excessive enzyme deg-
radation and loss of yeast viability. Yeast metabolism liberates 11.7 KCal of heat
per kg of substrate consumed [103]. Yeast is inactive at low temperature (0�C) and
can be stored at that temperature and readily revived [178].

9.6.1.7 Additional Nutrient Requirements

Mash must be enriched with secondary nutrients in addition to the sugar source for
ethanol production. Secondary nutrients are necessary for cell maintenance and
growth [82]. Yeast extract NH4C1, MgSO4, CaCl2 are a few of the ingredients
which promote very rapid cell growth and ethanol production at laboratory scale
[30, 31]. Ammonium ions provide nitrogen for protein and nucleic acid synthesis.
Yeast extract contains all the necessary yeast growth factors viz., amino acid,
purines, pyrimidines, vitamins, and minerals. Phosphorous, potassium (from yeast
extract), magnesium, and calcium are incorporated into cell mass and are also
cofactors activating several enzymes. The wide variation in media compositions
used for different yeasts for alcohol production resulted in different yields.

Several organic and inorganic nitrogen sources in media for ethanol production
by Z. mobilis were tested [176]. Urea and yeast extract were found to be better
sources and calcium pantothenate was found to be an essential vitamin for ethanol
production.

9.6.1.8 Secondary Component Inhibition

Fermentation by-products or non-metabolized feed components can inhibit the
ethanol production and yeast growth. These secondary components become more
concentrated when used and this limits the recycling process of distillery residue.

Acetate and lactate are the most important inhibitory fermentation by-products
[125]. Certain inhibitors are high in a few substances, e.g., sulfite waste liquor may
be high in sulphurous acid and furfural. Blackstrap molasses may contain high
concentrations of calcium salts. High temperature, sugar concentration, and ster-
ilization in the presence of salts (especially phosphates) and proteins can produce
components toxic to yeast [22].

When important individual inhibitors are not present, a combination of inhib-
itors or generalized osmotic pressure effects shall be the limiting factors. High salt
concentrations also encourage the production of undesirable by-products such as
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glycerol [193]. A 16–20% non-fermentable dissolved solids content sets the
practical upper limit for most yeasts in the absence of toxic inhibitors [52].

9.6.2 Fermentation Process for Bioethanol

9.6.2.1 Conventional Batch Fermentation

Batch cultures are simple, closed systems. In this system, all the substrates are
added at the beginning, before inoculation, and neither anything is added or taken
out during the fermentation. A typical growth curve is followed by the organism
(Fig. 9.12a) in this type of fermentation. In industrial processes, generally, the
actively growing inoculum is added to avoid any lag phase as it leads to the
wastage of time (Fig. 9.12b) The batch fermentation has certain limitations like
exhausting of nutrients, accumulation of antagonists, product inhibition, etc. which
eventually affects the product formation.

The product is recovered at the end of the growth phase. This involves
emptying the fermenter out and processing the medium to get the product out.
The fermenter has to be cleaned, refilled, resterilized, and then, reinoculated.
Such operations are called turn-round and the time it takes to do it is called down
time.

Figure 9.13 depicts the batch fermentation equipment layout incorporating heat
exchangers and chemical sterilization systems. Most of the currently practiced
alcohol fermentations are based on the traditional processes described above. But
many advanced methods have been developed in order to increase the produc-
tivity, reduce the capital investment, and better utilization of energy. Such
advances are the use of continuous fermentations, the increase of yeast population
by recycling, and the removal of ethanol during fermentations.

Fig. 9.12 Growth of
unicellular organisms in
batch culture. a Normal
growth with lag phase.
b Growth without lag phase
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9.6.2.2 Continuous Fermentation

In continuous fermentation, fresh medium is continuously pumped into the fer-
menter and an equal volume of the fermented liquid is continuously pumped out
for recovery of ethanol and yeast. This is an open system. The rate at which
medium is added or at which the fermenter liquid is withdrawn is expressed as the
dilution rate D which is the ratio of withdrawn liquid (F) to the volume of total
liquid in the fermenter (V) i.e. D = F/V (Units of D are h-1).

Feed is pumped continuously into the fermenter displacing beer which then
overflows from the vessel. The composition of the produced beer is the same as the
composition inside the fermenter. Therefore, the fermenter is to run at a relatively
slow rate to obtain a higher concentration of alcohol because it will allow complete
utilization of sugar and growth of new yeast cells in the fermenter to replace

Fig. 9.13 Batch fermentation equipment layout incorporating teamed heat exchanger and
chemical sterilization systems. Source [52]
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washed out cells [139]. Stirring is an important factor for successful continuous
flow fermentation. The modification of the continuous fermentation process is the
Biostil process (Fig. 9.14).

9.6.2.3 Fed-Batch Fermentation

A variable volume fed-batch culture was adopted (incremental feeding of same
concentration solution to that of initial medium resulting in an increase in volume).
All the fermentations were performed in a fed-batch mode in a 5-l bioreactor
controlled by a computer having advanced fermentation soft water. The fermenter
was equipped with temperature, agitation, and aeration systems with precise
control for these parameters. Aeration was measured in terms of dissolved oxygen.
The parameters were measured and automonitored against the set values. The pH
was, however, controlled manually by adding acid or alkali as the case may be.
The volume of incremental feeding was adjusted in such a way that the final
volume in the fermenter reached to about 4.75–5.00 l. The samples were drawn

Fig. 9.14 Biostil fermentation process. Source [52]
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using sampling port at a 2-h interval during fermentation using injection syringe
under aseptic conditions. Incremental feeding was started after 1 h of actual start
of fermentation (called as activation period) and stopped before 1 h of actual
completion of fermentation (called as terminal cell maturity step). For incremental
feeding additional accessories were attached to the fermenter. Generally, 7–8 h
were taken by incremental feeding at this rate. The fermentation parameters were
kept arbitrary but constant, except that used for standardization during the
parameter optimization experiments.

9.7 Technology of Bioethanol Production

Bioethanol can be produced from the processing industry waste rich in sugar/
starch by the microbial technology that may evolve an alternative to our limited
and non-renewable resource of energy. Increasing environmental regulations for
controlling waste disposal will further enhance the possibilities of ethanol pro-
duction from waste.

9.7.1 Sugar Molasses

A process has been developed for the preparation of power alcohol from molasses
on pilot scale with immobilized whole cells. Ethanol production from molasses has
also been scaled up with addition of 15% total sugar content using Z. mobilis [39].
A scheme of fuel ethanol production from sugarcane bagasse has been shown in
Fig. 9.15. Ethanol production by Z. mobilis can be increased by addition of cal-
cium carbonate in high sugar medium and at higher fermentation temperature
(43�C) [175].

Batch fermentations of sugarcane blackstrap molasses to ethanol using pressed
yeast as inoculum, demonstrated an exponential relationship between the time
necessary to complete fermentation and the initial concentrations of sugar and the
yeast cells [18]. Fed-batch alcoholic fermentation of sugarcane blackstrap
molasses (at 32�C, pH 4.5–5.0) without air and compressed yeast enhanced the
average yeast yields and average yeast productivities without affecting the ethanol
yield.

Neutral spirits and ethanol are the major fermentation products from citrus
molasses [21, 51]. In Florida only, 1 million L of alcohol is produced from citrus
molasses annually. The process includes dilution of molasses to 25�B followed by
fermentation yeast. The alcohol is recovered by distillation. Enzymatic digestion
of citrus peel, solubilizing of 85% total peel solids with 65% hexose sugar [133]
made available more sugar for fermentation, thus increasing the yield of alcohol.
However, reduced yield of alcohol has been reported from molasses produced by
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heat evaporators (30–50�B) where some loss of fermentable sugar during handling
and storage might have taken place [21].

9.7.2 Apple Pomace

Traditionally, alcohol is produced from liquid or liquid mash via submerged
microbial fermentation. In recent years, there has been a considerable interest in
the production of alcohol from food processing wastes such as apple pomace
because of (i) the rising energy costs of molasses and (ii) the negative cost of
values of wastes as substrates. Apple pomace is not readily amenable to sub-
merged microbial fermentation due to its nature. The solid-state fermentation
of apple pomace offers several advantages for ethanol production such as higher
yield but has difficulty of ethanol extraction from the solid materials. Different
microorganisms (Table 9.12) have been used for the production of ethanol,

Sugarcane bagasse 

Liquid faction            Solid faction 

----SSCF-------------------------------------------------------------------------------------
-- SSF--------------------------------- 

 High xylose  
 Content      

High glucose content 
 --CF----------------------------------------------------------------------------------                                                      

  Dilute ethanol                                                                Dilute ethanol
 ----------------------------------------------------------------------------------------

      ---------------------------------------- 

------------------------------------------------------------------------------------------------- 

Anhydrous ethanol  

Wastes 

Pretreatment

Detoxification

     Pentose 
fermentation

Cellulose 
hydrolysis

Hexose 
fermentation

Separation and purification

Effluent treatment

Fig. 9.15 Process of fuel ethanol production from sugarcane bagasse. Possibilities for reaction–
reaction integration are shown inside the shaded boxes: CF, cofermentation; SSF; SSCF,
simultaneous saccharification, and cofermentation
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predominantly yeast belonging to S. cerevisiae that has been a microorganism of
choice.

Hang [66] developed a solid-state fermentation system of apple pomace with
S. cerevisiae at 30�C in 96 h producing 43 g ethanol/kg of apple pomace. Ethanol
was separated out by vacuum evaporation with a separation efficiency of 99%.
Blending the pomace with molasses lowered the ethanol yield and fermentation
efficiency. However, fermentation by immobilized yeast did not increase the yield
of ethanol from the apple pomace. Jarosz [77] collected apple pomace from three
factories and fermented at 30�C for 72 h with or without addition of inoculum. The
natural microflora induced the fermentation but addition of yeast accelerated the
fermentation and brought to the 78.9% of the theoretical yield of ethanol.

Sandhu and Joshi [160] reported that natural fermentation of apple pomace was
inferior to the yeast inoculated fermentation for ethanol, crude, and soluble pro-
teins. The production of ethanol in natural fermentation was almost half that of
S. cerevisiae fermentated apple pomace. Joshi et al. [85, 88] provided partial
aseptic and anaerobic condition to the solid-state fermentation of apple pomace by
addition of SO2 and found that addition of SO2 up to 200 ppm increased the
ethanol content by S. cerevisiae while it was 150 ppm for Candida utilis and
Torula utilis. The amount of ethanol present in the fermented apple pomace
depends upon the initial sugar content in the apple pomace which in turn is
influenced by variety of apple processed, the processing conditions, and the
amount of the pressing aids employed.

Ethanol recovery by manual squeezing, direct distillation of fermented pulp,
percolation of fermented pulp and hydraulic pressing in three stages with interstate
water addition from solid-state fermented pulpy material have revealed that
hydraulic pressing in three stages with interstate water addition, led to 79.68%
ethanol recovery with 60.53% ethanol in the pooled extract of that in the fermented
pulp. Ngadi and Correia [130] found that when the apple pomace was fermented at
77 and 85% of moisture level yielded 19.26 and 18.10% of ethanol on dry weight
basis. The original pH and the initial moisture content of apple pomace was found
to be suitable for ethanol production, decreasing the pH or increasing the moisture
content reduced the ethanol content [87]. Fermentation time increased the ethanol
production up to 96 h at 30�C and among the different nitrogen sources tried,

Table 9.12 The various microorganisms used for apple pomace fermentation with ethanol yield
and fermentation efficiency

Micro-organisms Ethanol yield (%) Fermentation efficiency (%) References

Saccharomyces cerevisiae 2.86–4.31 70.0–94.0 [63]
Saccharomyces cerevisiae 3.7–5.4 44.5–64.9 [60]
Saccharomyces diasticus 3.6–5.7 43.3–68.5 [60]
Saccharomyces cerevisiae 3.92–4.3 60.0–68.0 [88]
Candida utilis 3.71–4.59 57.0.69.0 [88]
Torula utilis 3.93–4.10 59.0–62.0 [88]
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ammonium sulfate gave the highest ethanol production and S. cerevisiae giving
better response to it than Candida utilis and Torula utilis. Addition of 0.4% of
ammonium sulfate increased the ethanol yield. The combined effect of AMS and
ZnSO4, however, was detrimental to ethanol production but AMS alone gave
better ethanol yield.

Gupta [61] found that the addition of nitrogen, phosphate, and trace elements to
the SSF of apple pomace with Saccharomyces diasticus enhanced the fermentation
efficiency to 67.7, 68.5, and 68.8%, respectively (control having fermentation
efficiency of about 43.8%). Distillation of fermented extract with a bucchi evap-
orater yielded 0.029, 4.1, 0.0003, 0.01, and 0.011% of methyl, ethyl, n-propyl,
isobuty1, and isoamyl alcohols, respectively [66]. Joshi and Sandhu [83] found
that all the yeast fermented apple pomace distillates contained methyl and butyl
alcohols and aldehyde. S. cerevisiae fermented distillate had more desirable
characteristics than those obtained from fermentation with other yeasts and thus,
had potential for conversion into potable alcohol. The step-by-step process
involved in ethanol production from food processing industry waste is shown in
Fig. 9.16.

9.7.3 Orange Waste

Orange waste coming from food industries is used in continuous fermenta-
tion. It has been found that fixed bed immobilized cell reactor showed maximum
ethanol production [50]. Use of citrus processing by-product mainly peel by
fermentation by S. cerevisiae for ethanol production has been reported [58, 94].
The initial saccharification of polysaccharides by commercial cellulase and poly-
galacturonase followed by removal of inhibitory compounds by filtration and pH
adjustment of the hydrolysate was necessary for successful fermentation [29].

Ethanol has also been produced from lignocellulosic waste by employing
recombinant bacterial strains of E. coli and Klebsiella oxytoca [91]. The bacterial
strains had the capacity to produce ethanol from pentose sugars. The conversion of
monosaccharides in orange peel hydrolysates into ethanol by recombinant E. coli
(KOll) was in pH controlled batch fermentations that led to very high yields of
ethanol. The microorganism was capable of converting all major monosaccharides
in orange peel hydrolysates into ethanol and to a smaller amount of acetic and
lactic acids [57]. Citrus molasses prepared by evaporation and concentration of the
press liquor and molasses mixed with the citrus pulp have also been used by
distillaries as an alcohol feedstock [50]. Initial moisture content of the solid
medium has been shown to be a limiting factor for maximum ethanol production
[130]. Industrial alcohol has also been produced from waste fruits such as apple,
pear, and cherry through fermentation [11].

9 Production of Bioethanol from Food Industry Waste 289



9.7.4 Banana Waste

Recently, ethanol production potential of waste bananas has been assessed [63].
Ethanol yield from normal banana was found to be as: ripe whole fruits 0.091, pulp
0.082, and peel 0.0061/kg of whole fruits. The green fruit gave 0.090, normal ripe
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0.082, and overripe 0.0691/kg of ethanol. Enzymatic hydrolysis was necessary for
higher ethanol yield while dilution with water was not essential for effective
fermentation.

9.7.5 Potato Waste

The use of potato peel waste for the production of alcohol has also been made [17].
The acidified peel waste (pH 6) is used for ethanol production.

9.7.6 Wheat Straw

Wheat straw like any other biomass of lignocellulosic composition is a complex
mixture of cellulose, hemicellulose, and lignin, as three main components, and a
small amount of soluble substrates (also known as extractives) and ash. The cel-
lulose strains are bundled together and tightly packed in such a way that neither
water nor enzyme can penetrate through the structure [104]. Hemicellulose serves
as a connection between lignin and cellulose fibers, and it is readily hydrolyzed by
dilute acid or base, as well as hemicellulase enzyme. Lignin is covalently linked to
cellulose and xylan (predominant hemicellulose carbohydrate polymer in wheat
straw) such that lignin–cellulose–xylan interactions exert a great influence on the
digestibility of lignocellulosic materials [104]. Due to this, the structural com-
plexity of the lignocellulosic matrix, ethanol production from wheat straw requires
at least four major unit operations including pretreatment, hydrolysis, fermenta-
tion, and distillation. Unlike sucrose or starch, lignocellulosic biomass such as
wheat straw need to be pretreated to make cellulose accessible for efficient
enzymatic depolymerization.

9.7.7 Rice Straw

Rice straw is one of the most abundant lignocellulosic crop residues in the world.
The worldwide availability of rice straw and theoretical ethanol yield is shown in
Table 9.13. Technologies for conversion of this feedstock into ethanol have been
developed on two platforms, which can be referred to as the sugar platform and the
synthesis gas (or syngas) platform. In the sugar platform, cellulose and hemicel-
lulose are first converted into fermentable sugars, which are then fermented to
produce ethanol. The fermentable sugars include glucose, xylose, arabinose, gal-
actose, and mannose. Hydrolysis of cellulose and hemicellulose to generate these
sugars can be carried out using either acids or enzymes [41].
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9.7.8 Rice Husk

Possibilities of the utilization of rice husk and subsequent chemical conversion of
hemicellulose into xylose, followed by furfural, xylitol, xylonic acid, and ulti-
mately the food yeast is explored [55]. Similarly, hydrolysis of cellulose to glucose
which, then, can be converted into ethanol, sorbitol, hydroxy methyl furfural,
levulinic acid, etc. is outlined. However, ethyl alcohol production would be eco-
nomical only if all the by-products are recovered and processed. Mucilagenos
material from cocoa waste is another source of alcohol [129]. The waste from
tapioca spent pulp after concentration by centrifugation to 20% solids after
hydrolysis holds promise for production of alcohol.

9.7.9 Barley

The waste from a novel, vacuum distillation procedure (30–45�C) called Mugi
(Barley) contained a large number of viable yeast (7 9 106 cells/ml), with glu-
coamylase (19.7 units/ml), acid protease (940 units/ml), and neutral protease
(420 units/ml). The waste was mixed with mash composed of glucose as the sole
source of carbon. After distillation of fermentation broth, the non-volatile residues
were again used in the next ethanol fermentation and the cycle was repeated
successfully ten times. The system is developed for the distillery waste which is
treated as per the conventional waste water [186].

9.7.10 Whey

Using lactose hydrolyzing yeast under anaerobic conditions, whey can be con-
verted into alcohol [137]. The system though made primarily for SCP production
from whey, can also be employed for production of alcohol. Prehydrolyzed whey
with b-galactosidase enzyme in which most of the lactose is hydrolyzed has been

Table 9.13 Worldwide availability of rice straw and theoretical ethanol yield

Country Rice straw availability
(million MT)

Theoretical ethanol yield
(billion l)

Africa 20.93 8.83
Asia 667.59 281.72
Europe 3.92 1.65
North America 10.95 4.62
Central America 2.77 1.17
South America 23.51 9.92

Source [95]
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used as a substrate for alcohol production. Since the alcohol produced is taxed in a
similar manner as the potable alcohol for use in the beverage industry, this
proposition also becomes expensive [117]. Such alcohol for use as industrial
alcohol or alcohol as a chemical should be taxed at different rates than used for
potable beverage production.

9.7.11 Cassava Roots

Cassava roots are used as raw materials for the production of ethanol in some
countries like Brazil. The alcohol produced from cassava roots was used as motor
fuel, mixed with gasoline (upto 20% alcohol) for which no motor modification is
required. It is also used as pure anhydrous ethanol, in which there is need to
modify the carburetor and some other parts. Both result in less atmospheric pol-
lution than the use of 100% gasoline. Commercial production of ethanol from
cassava is obviously not new in some parts of Asia like India and China. In China,
several factories are now using solid waste (bagasse) of the cassava starch industry
for the production of ethanol [59].

The suitability of extractive fermentation as a technique for improving the
production of ethanol from lactose by Candida pseudotropicalis over the con-
ventional technique has also been examined [81, 82]. Using Adol 85 NF,
extractive solvent, biocompatible with microorganisms, extractive fed-batch and
conventional fed-batch systems were operated for 160 h and the extractive system
showed a 60% improvement in lactose consumption and ethanol production with
75% volumetric productivity.

In the syngas platform, the biomass is subjected through a process called
gasification. In this process, the biomass is heated with no oxygen or only about
one-third the oxygen normally required for complete combustion. It subsequently
converts into a gaseous product, which contains mostly carbon monoxide and
hydrogen. The gas, which is called synthesis gas or syngas, can be fermented by
specific microorganisms or converted catalytically into ethanol. In the sugar
platform, only the carbohydrate fractions are utilized for ethanol production,
whereas in the syngas platform, all the three components of the biomass are
converted into ethanol [41].

9.7.12 Hydrolysed Cellulosic Biomass

Lignocellulose biomass, including wood waste, agricultural waste, household
waste, etc. represents a renewable resource which has stored solar energy in its
chemical bonds [120]. It has great potential for bioethanol production, when
compared to ethanol produced from grain, tubers, and sugar plants, because it is a
widely available cheap feedstock which does not compete with human food
products.
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9.7.12.1 Pretreatment

It is known that the main difficulty in converting lignocellulose biomass into
second-generation ethanol consists in breaking down structural and chemical
biomass complex. In the course of the breakdown process, cellulose feedstock is
affected by enzymes which allow further recovery of ethanol. Biomass consists of
polysaccharides-cellulose and hemicellulose, which are hydrolyzed into single
sugar components, followed by further recovery of ethanol by well-known and
elaborated fermentation technologies. Enzymatic activity in lignocellulose
hydrolysis gives a good yield and minimum amount of by-products; it has lower
energy consumption, milder operating conditions, and represents an environ-
mentally friendly processing method [157, 194]. Considering that the sugars
required for fermentation are bound to the lignocellulose structure, pretreatment of
biomass is required in order to remove and/or modify lignin and hemicellulose
matrix before enzymatic hydrolysis of polysaccharides. Unlike starch which is a
crucial source of energy in plants, cellulose has mostly a structural role as it
provides plant cells with mechanical durability with hemicellulose and lignin.
Natural cellulose materials do not have high reactivity; therefore, fermentable
saccharification requires a large cellulose surface and broken cellulose microfilm
structure. Reactivity of natural substrates is also reduced by lignin.The most
commonly applied methods can be classified into two groups: chemical hydrolysis
(dilute and concentrated acid hydrolysis) and enzymatic hydrolysis. In addition,
there are some other hydrolysis methods in which no chemicals or enzymes are
applied. For instance, lignocellulose may be hydrolyzed by thermal treatment, wet-
oxidation, gamma-rays or electron-beam irradiation, or microwave irradiation.
However, these processes are commercially unimportant.

9.7.12.2 Chemical Hydrolysis

In chemical hydrolysis, pretreatment and hydrolysis may be carried out in a single
step. There are two basic types of acid hydrolysis processes commonly used: dilute
acid and concentrated acid, each with variations.

Acid Hydrolysis

Acid-catalyzed process can be divided into two general approaches, based on
concentrate acid/low temperature and dilute-acid/high temperature hydrolysis.
Sulfuric acid is the common acid employed although, however, hydrochloric,
nitric and trifluoracetic acids, phosphoric acid, weak organic acids have also been
used.
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Concentrated-Acid Hydrolysis

Concentrate acid processes enable the hydrolysis of both hemicelluloses and
cellulose. The solubilization of polysaccharides is reached using different acid
concentrations, like 72% H2SO4, 41% HCl or 100% TFA [45]. Concentrate-acid-
based processes have the advantage to allow operating at low/medium tempera-
tures leading to the reduction in the operational costs. Hydrolysis of cellulosic
materials by concentrated sulphuric or hydrochloric acids is a relatively old pro-
cess. The concentrated acid process uses relatively mild temperatures, and the only
pressures involved are those created by pumping materials from vessel to vessel.
Reaction times are typically much longer than for dilute acid. This method gen-
erally uses concentrated sulphuric acid followed by a dilution with water to dis-
solve and hydrolyze or convert the substrate into sugar and provides a complete
and rapid conversion of cellulose into glucose and hemicelluloses into 5-carbon
sugars with little degradation. The critical factors needed to make this process
economically viable are to optimize sugar recovery and cost-effectively recovery
of the acid for recycling. The solid residue from the first stage is dewatered and
soaked in a 30–40% concentration of sulphuric acid for 1–4 h as a pre-cellulose
hydrolysis step. The solution is again dewatered and dried, increasing the acid
concentration to about 70%. After reacting in another vessel for 1–4 h at low
temperatures, the contents are separated to recover the sugar and acid. The sugar/
acid solution from the second stage is recycled to the first stage to provide the acid
for the first-stage hydrolysis. The primary advantage of the concentrated acid
process is the potential for high sugar recovery efficiency. The acid and sugar are
separated via ion exchange and then, acid is re-concentrated via multiple effect
evaporators. The low temperatures and pressures employed allow the use of rel-
atively low cost materials such as fiberglass tanks and piping. The low tempera-
tures and pressures also minimize the degradation of sugars. Unfortunately, it is a
relatively slow process and cost- effective acid recovery systems have been dif-
ficult to develop. Without acid recovery, large quantities of lime must be used to
neutralize the acid in the sugar solution. This neutralization forms large quantities
of calcium sulfate, which requires disposal and creates additional expense.
Moreover, the equipment corrosion is an additional disadvantage. Nevertheless,
there seems to be a renewed interest in these processes [209] owing to the mod-
erate operation temperatures and because no enzymes are required.

Dilute-Acid Hydrolysis

Pretreatment by using dilute-acid processes for the hydrolysis of hemicellulose
renders the cellulose fraction more amenable for a further enzymatic treatment, but
in this case a two-step-hydrolysis is required. The dilute acid process is conducted
under high temperature and pressure, and has a reaction time in the range of
seconds or minutes, which facilitates continuous processing. The difference
between these two steps is mainly the operational temperature, which is high in the
second step (generally around 230–240�C) [108, 196, 197]. Example cited by
using a dilute acid process with 1% sulfuric acid in a continuous flow reactor at a
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residence time of 0.22 min and a temperature of 510 K with pure cellulose pro-
vided a yield of over 50% sugars. In this case, 1,000 kg of dry wood would yield
about 164 kg of pure ethanol. The biggest advantage of dilute acid processes is
their fast rate of reaction, which facilitates continuous processing.

Compared to the concentrate acid hydrolysis, one of the advantages of dilute-
acid hydrolysis is the relatively low acid consumption, limited problem associated
with equipment corrosion, and less energy demanding for acid recovery. Under
controlled conditions, the levels of the degradation compounds generated can also
be low. As an alternative to the conventional dilute-acid processes, the addition of
CO2 to aqueous solutions, taking advantage of the carbonic acid formation has
been described [190], but the results obtained were not interesting enough to
consider application.

Alkali Hydrolysis

The use of alkaline pretreatments is effective depending on the lignin content of
the biomass. Alkali pretreatments increase cellulose digestibility and they are more
effective for lignin solubilization, exhibiting minor cellulose and hemicellulose
solubilization than acid or hydro-thermal processes [24]. Alkali pretreatment can
be performed at room temperature and times ranging from seconds to days. It is
described to cause less sugar degradation than acid pretreatment and it was shown
to be more effective on agricultural residues than on wood materials [100]. In
alkali hydrolysis possible loss of fermentable sugars and production of inhibitory
compounds must be taken into consideration to optimize the pretreatment condi-
tions. Sodium, potassium, calcium, and ammonium hydroxides are suitable alka-
line pretreatments. NaOH causes swelling, increasing the internal surface of
cellulose and decreasing the degree of polymerization and crystallinity, which
provokes lignin structure disruption from 24–55% to 20% [101, 182]. The example
of alkali hydrolysis cited below by using Lime pretreatment Ca(OH)2 removes
amorphous substances such as lignin, which increases the crystallinity index.
Lignin removal increases enzyme effectiveness by reducing non-productive
adsorption sites for enzymes and by increasing cellulose accessibility [96]. Lime
also removes acetyl groups from hemicellulose reducing steric hindrance of
enzymes and enhancing cellulose digestibility [126]. Lime has been proven suc-
cessfully at temperatures ranging from 85 to 150�C and for 3–13 h with corn
stover or poplar wood [27]. Pretreatment with lime has lower cost and less safety
requirements compared to NaOH or KOH pretreatments and can be easily
recovered from hydrolysate by reaction with CO2 [126].

Enzymatic Hydrolysis

Enzymatic hydrolysis has an upper edge over acid hydrolysis to produce sugars for
alcohol fermentations. Enzymes are naturally occurring plant proteins that cause

296 V. K. Joshi et al.



certain chemical reactions to occur. There are two technological developments:
enzymatic and direct microbial conversion methods. The chemical pretreatment of
the cellulosic biomass is necessary before enzymatic hydrolysis. The first appli-
cation of enzymatic hydrolysis was used in separate hydrolysis and fermentation
steps. Enzymatic hydrolysis is accomplished by cellulolytic enzymes. Different
kinds of ‘‘cellulases’’, i.e., endoglucanases, exoglucanases, glucosidases, and
cellobiohydrolases are commonly used [75, 107] to cleave cellulose and hemi-
cellulose. The endoglucanases randomly attack cellulose chains to produce poly-
saccharides of shorter length, whereas exoglucanases attach to the non-reducing
ends of these shorter chains and remove cellobiose moieties, glucosidases
hydrolyze cellobiose, and other oligosaccharides to glucose [142]. In order to
enhance the susceptibility of cellulose for enzymatic hydrolysis, the pretreatment
of cellulosic material is, therefore, an essential prerequisite. Physical and chemical
pretreatments like ball milling, irradiation, alkali treatment, acid treatment,
hydrogen peroxide treatment are highly recommended to enhance saccharification
of cellulosic material after their enzymatic hydrolysis [6, 167].

So far, cellulose has been hydrolyzed with enzyme cellulase only at pilot plant
scale. The process is divided into many steps and includes two basic inputs,
namely, nutrients for the fungus and cellulosic material to be hydrolyzed. The
nutrients supply include nitrogen and other supplements required for the growth of
celluloytic microorganisms and is given in the form of sterilized nutrient medium.
Cellulosic materials are pretreated. The celluloytic microorganism is grown and
subsequently the enzyme is produced. The microorganism (such as fungus) is
propagated as a submerged culture in a fermentation unit equipped for mixing and
aerating the growth medium.

In the cellulose hydrolysis or saccharification step, the enzyme produced in the
previous step comes into contact with the pretreated cellulosic materials. The
enzyme solution hydrolyzes the solid cellulose to the glucose units. The product
stream is continuously withdrawn from the unit. Finally, the glucose solution is
separated from unhydrolyzed cellulose by filtration. The glucose solution can be
used for fermentation to ethanol.

The rate and extent of enzymatic hydrolysis is affected by the pretreatment
method, substrate concentration and accessibility, enzyme activity, and reaction
conditions such as pH, temperature and mixing [121, 181]. Different strategies for
enzymatic hydrolysis and ethanolic fermentation have been developed to address
specific process engineering issues (Table 9.14).

Advantages of Biological Pretreatment over Chemical Treatment

Biological pretreatment offers some conceptually important advantages such as
low chemical and energy use. However, a controllable and sufficiently rapid
system has not yet been found. At the same time, chemical pretreatments have also
serious disadvantages in terms of the requirement for specialized corrosion
resistant equipment, extensive washing, and proper disposal of chemical wastes.
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Biological pretreatment is a safe and environmentally friendly method for lignin
removal from lignocellulose. Biological pretreatment comprises of using micro-
organisms such as brown, white, and soft-rot fungi for selective degradation of
lignin and hemicellulose out of which white-rot fungi seems to be the most
effective microorganism. Lignin degradation occurs through the action of lignin-
degrading enzymes such as peroxidases and laccase [136]. Biological pretreat-
ments are safe, environmentally friendly, and less energy intensive compared to
other pretreatment methods (Table 9.15). However, the rate of hydrolytic reaction
is very low and needs a great improvement to be commercially applicable. Hat-
akka [68] investigated the pretreatment of wheat straw using 19 white-rot fungi
and found that 35% of the wheat straw was converted to reducing sugars after
5 weeks’ pretreatment with Pleurotus ostreatus compared to only 12% conversion
of the untreated straw.

Table 9.14 Selected hydrolysis and fermentation strategies

Name Description Features

SHF: separate hydrolysis
and fermentation

Enzymatic hydrolysis and
fermentation done sequentially
in different vessels

Hydrolysis and fermentation at
respective optimal conditions;
enzyme product inhibition;
separate treatment of C5 and
C6 sugar streams

SSF: simultaneous
saccharification and
fermentation

Enzymatic hydrolysis and
fermentation done
simultaneously in same vessel

Compromise in conditions for
optimal hydrolysis and
fermentation; improved rates
and yields; separate treatment
of C5 and C6 sugar streams

HHF: hybrid hydrolysis
and fermentation

Enzymatic hydrolysis and
fermentation done roughly
sequentially in same vessel

Hydrolysis continues after shift to
fermentation conditions;
process optimization difficult;
separate treatment of C5 and
C6 sugar streams

NSSF: non-isothermal
simultaneous
saccharification and
fermentation

Enzymatic hydrolysis and
fermentation done roughly
simultaneously in different
vessels

Hydrolysis and fermentation at
respective optimal conditions;
process optimization difficult;
separate treatment of C5 and
C6 sugar streams

SSCF: simultaneous
saccharification and
co- fermentation

Like SSF, only both C5 and C6
sugars are fermented in same
vessel

Fewer vessels, lower capital costs;
requires engineered
microorganism optimized for
efficient C5/C6 fermentation

CBP: consolidated
bioprocessing

Enzymatic hydrolysis and
fermentation carried out in
single vessel by single or
combination of
microorganisms

Fewer vessels, lower capital costs;
requires engineered
microorganism optimized for
enzyme production and C5/C6
fermentation
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Thermal Pretreatment

Thermal pretreatment for fractionation and solubilization studies of lignocellulosic
materials have shown the efficiency to improve the yields of extraction of hemi-
celluloses. Boussarsar [20] have evaluated the SCB conversion by hydrothermal
treatment. Optimal conditions were 170�C for 2 h, reaching higher solubilization
of hemicellulose than that at 150�C and lower degradation of sugar monomers than
at 190�C. However, analysis of thermal hydrolysates shows the presence of xylan
oligomers and polymers with large chains. On the other hand, Sendelius [166] has
evaluated the steam pretreatment conditions with respect to final ethanol yield,
using SCB as feedstock. The variables considered were temperature (180, 190, and
205�C), time (5 and 10 min), and impregnating agents (water, 2% SO2 by weight
of water in the bagasse and 0.25 g H2SO4 per 100 g dry matter). The most
prominent tested pretreatment condition was: SO2-impregnation at a temperature
of 180�C during 5 min, which gave a glucose yields in average 86.3% and xylose
yields in average 72.0%. The fermentation of these hydrolyzed materials gave an
overall ethanol yield of 80%, based on theoretical value.

Table 9.15 Advantages and disadvantages with different methods for pretreating lignocellulosic
biomass

Pretreatment
method

Advantages Disadvantages

Biological Degrades lignin and hemicellulose Low
energy consumption

Low rate of hydrolysis

Milling Reduces cellulose crystallinity High power and energy consumption
Steam

explosion
Causes lignin transformation and

hemicellulose solubilization, Cost-
effective, Higher yield of glucose
and hemicellulose in the two-step
method

Generation of toxic compounds,
Partial hemicellulose degradation

Diluted acid Less corrosion problems than
concentrated acid, Less formation
of inhibitors

Generation of degradation products,
Low sugar concentration in exit
stream

Concentrated
acid

High glucose yield, Ambient
temperatures

High cost of acid and need to be
recovered, Reactor corrosion
problems, Formation of inhibitors

Organosolv Causes lignin and hemicellulose
hydrolysis

High cost Solvents need to be drained
and recycled

Ozonolysis Reduces lignin content, Does not imply
generation of toxic compounds

High cost of large amount of ozone
needed

Wet
oxidation

Efficient removal of lignin, Low
formation of inhibitors, Minimizes
the energy demand (exothermic)

High cost of oxygen and alkaline
catalyst

CO2

explosion
Increases accessible surface area, Cost-

effective, Do not imply generation
of toxic compounds

Does not affect lignin and
hemicelluloses, Very high pressure
requirements
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Wet Oxidation

Wet oxidation (WO) is the process of treating material with water and either air or
oxygen at temperatures above 120�C. Two types of reactions occur during WO: a
low temperature hydrolytic reaction and a high temperature oxidative reaction. It
has been demonstrated that a combination of alkali and WO reduces the formation
of toxic furfuraldehydes and phenol aldehydes [97]. Martín [118] have investi-
gated different conditions pH, temperature, and reaction time of WO pretreatment
on fractionation and enzymatic convertibility of SCB, while pressure (12 bar) was
kept constant. The highest cellulose content, nearly 70%, was obtained in the
pretreatment at 195�C, 15 min and alkaline pH. The highest sugar yield in the
liquid fraction, 16.1 g/100 g, was obtained at 185�C; 5 min and acidic pH.
Although the analysis of the solid fraction in most of the pretreatments showed
high degrees of hemicelluloses solubilization, the content of free sugars in the
liquid fraction was very low. It is known that WO mainly catalyzes the transfer of
hemicelluloses from the solid phase to the liquid phase, but it does not catalyze
the hydrolysis of the liberated hemicelluloses molecules. The products of hemi-
celluloses hydrolysis during WO are not monosaccharides, but sugar oligomers.

9.7.13 Recent Advances in Bioethanol Production Process

Ethanol can be produced in two different ways, either by Direct Microbial Con-
version (DMC) [180] or by Simultaneous SSF process. Novel bioreactors con-
sisting of more than one bioreactor along with genetic recombination techniques
are being developed at laboratory and pilot scale to improve the yield and pro-
ductivity of bioethanol [25, 102]. Thermophilic fermentation seems to be a
promising technique [122]. Additionally, the use of supercritical CO2 as a pre-
treatment option has increased the ethanol yield by 70% [207].

9.7.14 Boiethanol Refinery

The conversion of by-products into value added products under a biorefinery
concept may further reduce the associated process costs with additional energy in
the form of fuels, heat, and electricity such as formation of xylitol from xylose,
methyl fuorate from furfural and plastic from hydroxylmethyl furfural. Never-
theless, estimation of greenhouse gas emissions of these products as they are
shaped into marketable products is required. The main technological issues have
been summarized recently by Kumar [102]. Prasad [144] described the pros and
cons of various pretreatment options for ethanol production from lignocellulosic
biomass. Moreover, the availability of the feedstock and related logistics influence
the effectiveness of bioethanol technology [180].
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9.8 Future Perspectives and Conclusions

An increased use of biofuels would contribute to sustainable development by
reducing greenhouse gas emissions and the use of non-renewable resources. In
recent years, it has been suggested that instead of traditional feedstocks, cellulosic
biomass (cellulose and hemicellulose), including sugarcane bagasse could be used
as an ideally inexpensive and abundantly available source of sugar for fermenta-
tion into transportation fuel ethanol. The efficiency of biomass conversion into
ethanol depends upon the ability of the microorganism used in the process to
utilize these diverse carbon sources and the amount of fraction present in biomass.
The cost of ethanol production from sugarcane bagasse is relatively high based on
current technologies.

As the price of current ethanol feedstocks (e.g. Corn) is estimated to increase,
lignocellulosic materials remain the only viable candidate to serve as renewable
feedstock for ethanol production. There are huge amounts of wheat straw that are
currently burnt in the field or wasted otherwise which can be used as low value raw
material for ethanol production. Despite extensive technological advances in
ethanol production from lignocellulose feedstocks over the last few decades, the
price of the second-generation ethanol is still high and remains around $2.65/
gallon [101, 102]. This high price is because of some technological impediments
encountered in all the different steps of the process. Pretreatment is estimated to
account for 33% of the total cost [187]. The current leading pretreatment methods
for lignocellulosic materials are capital intensive. Economical comparison showed
that there is little differentiation between studied pretreatment methods as for
instance; low cost pretreatment reactors are counterbalanced by higher cost of
catalyst and/or ethanol recovery [42]. Development of less energy intensive and
more effective pretreatment methods allowing lower amount of enzymes loading
can substantially decrease the total cost of cellulosic ethanol.

The utilization of lignocellulosic biomass for bioethanol production necessi-
tates the production technology to be cost-effective and environmentally sustain-
able. Considering the evolution and need of second-generation biofuels, rice straw
appears to be a promising and potent candidate for production of bioethanol due to
its abundant availability and attractive composition. Biological conversion of rice
straw into fermentable sugars, employing hydrolyzing enzymes is, at present the
most attractive alternative due to environmental concerns. Although there are
several hindrances in the way of developing economically feasible technology due
to its complex nature, high lignin, and ash content, work is going on to develop an
efficient pretreatment method to remove unwanted portions so as to get readily
available sugars and a considerable success has been achieved till date. The
available statistics show that the need of bioethanol for the transport sector could
be met by using rice straw. Approaches in both process engineering and strain
engineering still have to be carried out to circumvent the difficulties of xylose and
glucose co-fermentation and to improve the system efficiency. A very balanced
and intelligent combination of pretreatment, hydrolysis, and the fermentation
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process has to be selected for maximum efficacy of the process. With the advent of
genetically modified yeast, synthetic hydrolyzing enzymes, other sophisticated
technologies and their efficient combination, the process of bioethanol production
employing rice straw will prove to be a feasible technology in the very near future.

References

1. Aarts MG, Keijzer CJ, Stiekema WJ, Pereira A (1995) Molecular characterization of the
CERI gene of Arabidopsis involved in epicuticular wax biosynthesis and pollen fertility.
Plant Cell 7:2115–2127

2. Abate C, Callieri D, Rodriguez E, Garro O (1996) Ethanol production by a mixed culture of
flocculant strain of Zymomonas mobilis and Saccharomyces sp. Appl Microbiol Biotechnol
45:580

3. Abrini J, Naveau H, Nyns EJ (1994) Clostridium autoethanogenum, sp. nov., an anaerobic
bacterium that produces ethanol from carbon monoxide. Arch Microbiol 161:345–351

4. Alper H, Moxley J, Nevoigt E, Fink GR, Stephanopoulos G (2006) Engineering yeast
transcription machinery for improved ethanol tolerance and production. Science 314:1565–
1568

5. Anderson E (1982) Brazil sets lofty goals for ethanol. Chem Eng News 60(3):15
6. Andren RK, Erickson RI, Medeiros JE (1976) In: Gaden EL, Mandels M, Reese ET, Sapno

LA (eds) Enzymatic conversion of cellulosic material: technology and application. Wiley,
New York, p 177

7. Anuj KC, Ravinder R, Lakshmi MN, Rao V, Ravindra P (2007) Economic and
environmental impact of bioethanol production technology. Biotechnol Mole Biol Rev
2(1):14–32

8. Atsumi S, Cann AF, Connor MR, Shen CR, Smith KM, Brynildsen MP, Chou KJ, Hanai T,
Liao JC (2008) Metabolic engineering of Escherichia coli for 1-butanol production. Metab
Eng 10(305):311

9. Atsumi S, Hanai T, Liao JC (2008) Non-fermentative pathways for synthesis of branched-
chain higher alcohols as biofuels. Nature 451:86–89

10. Atwell WA (2001) An overview of wheat development, cultivation, and production. Cereal
Foods World 46:59–62

11. Badger PC, Broder DJ (1989) Ethanol production from food processing wastes. Hort Sci
24(2):227

12. Baxter LL, Miles TR, Miles TR Jr, Jenkins BM, Dayton DC, Milne TA, Bryers RW, Oden
LL (1996) The behavior of inorganic material in biomass-fired power boilers—field and
laboratory experiences: volume ii of alkali deposits found in biomass power plants. National
Renewable Energy Laboratory, Golden, CO. Report: NREL/TP-433-814

13. Bazua CD, Wilke CR (1977) Ethanol effects on the kinetics of continuous fermentation with
Saccharomyces cerevisiae. Biotechnol Bioeng Symp 7:105

14. Bengtsson O, Jeppsson M, Sonderegger M, Parachin NS, Sauer U, Hahn-Hagerdal B,
Gorwa-Grauslund MF (2008) Identification of common traits in improved xylose-growing
Saccharomyces cerevisiae for inverse metabolic engineering. Yeast 25(11):835–847

15. Bermejo LL, Welker NE, Papoutsakis ET (1998) Expression of Clostridium acetobutylicum
ATCC 824 genes in Escherichia coli for acetone production and acetate detoxification. Appl
Environ Microbiol 64:1079–1085

16. Bhat PK, Singh MBD (1975) Ethanol production from coffee waste. J Coffee Res 5(3–4):71
17. Bloch F, Brown GE, Farkas DF (1973) Am Potato J 50(10):357

302 V. K. Joshi et al.



18. Borzani W, Gerb A, Delahiguera GA, Pires MH, Piolovic R (1993) Batch ethanol
fermentation of molasses-A correlation between the time required to complete fermentation
and the initial concentration of sugar and yeast cells. World J Microbiol Biotechnol 9(2):265

19. Bothast RJ, Saha BC, Flosenzier AV, Ingram LO (1994) Fermentation of L-arabinose,
D-xylose and D-glucose by ethanologenic recombinant Klebsiella oxytoca strain P2.
Biotechnol Lett 16(4):401–406

20. Boussarsar H, Roge B, Mathlouth M (2009) Optimization of sugarcane bagasse conversion
by hydrothermal treatment for the recovery of xylose. Bioresour Technol. doi:10.1016/
j.biortech.2009.07.019

21. Bradock RJ (1977) Practical aspects of food manufacturing specially products. In:
Proceedings of 17th IFT annual short course for food indust. Institute of Food and
Agricultural Science, University of Florida, Gainesville

22. Bridson EY, Broker A (1970) Design of media. In: Noms J, Ribbins D (eds) Methods in
microbiology, vol 3A. Academic Press, New York, p 229

23. Brown SW, Oliver SG, Harrisson DEF, Righelato RC (1981) Ethanol inhibition of yeast
growth and fermentation. Differences in magnitude and complexity of the effect. Eur J Appl
Microbiol Biotechnol 11:151

24. Carvalheiro F, Duarte LC, Girio FM (2008) Hemicellulose biorefineries: a review on
biomass pretreatments. J Sci Ind Res 67:849–864

25. Chaabane FB, Aldiguier AS, Alfenore S, Cameleyre X, Blanc P, Bideaux C, Guillouet SE,
Roux G, Molina-Jouve C (2006) Very high ethanol productivity in an innovative continuous
two-stage bioreactor with cell recycle. Bioprocess Biosyst Eng 29:49–57

26. Chandrakant P, Bisaria VS (1998) Simultaneous bioconversion of cellulose and
hemicellulose to ethanol. Crit Rev Biotechnol 18:295–331

27. Chang VS, Nagwani M, Kim CH, Holtzapple MT (2001) Oxidative lime pretreatment of
high-lignin biomass: poplar wood and newspaper. Appl Biochem Biotechnol 94:1–28

28. Chaudhary AB, Chincholkar SB (1986) Cell immobilization: a critical approach to ethanol
by Schizosaccharomyces pombe. Indian J Microb 36:75

29. Converti A, Perego P, Borghi MD, Ferraiolo G (1989) Pretreatment operations and alcohol
fermentation of orange wastes. J Ferm Bioeng 68(4):277

30. Cysewski GR, Wilke CR (1976) Fermentation kinetics and process economics for the
production of ethanol. Report LBL-4480. Lawrence Berkeley Laboratory, Berkeley

31. Cysewski GR, Wilke CR (1976) Utilization of cellulosic material through enzymatic
hydrolysis. Biotechnol Bioeng 18:1297

32. Daniel SL, Hsu T, Dean SI, Drake HL (1990) Characterization of the hydrogen and carbon
monoxide-dependent chemolithotrophic potentials of the acetogens Clostridium
thermoaceticum and Acetogenium kivui. J Bacteriol 172:4464–4471

33. Davis EE, Jung SC (1974) The American type culture collection. ATCC, Rockvilla
34. De Deken RH (1966) The Crabtree effect: a regulatory system in yeast. J Gen Microbiol

44:149
35. Deanda K, Zhang M, Eddy C, Picataggio S (1996) Development of an arabinose fermenting

Zymomonas mobilis strain by metabolic pathway engineering. Appl Environ Microbiol
62(12):4465–4470

36. Dekker RFH (1985) Biodegradation of the hemicelluloses. In: Higuchi T (ed) Biosynthesis
and biodegradation of wood components. Academic Press, Orlando, p 503

37. Demirbas A (2009) Biohydrogen, for future engine fuel demands (Chapter 3). In Kim NY,
Cho JS, Yoon WB, Lee SY, Kang DH, Lee HY (eds) Biofuels. Springer, New York,
pp 61–84

38. Den Haan R, van Zyl WH (2003) Enhanced xylan degradation and utilisation by Pichia
stipitis overproducing fungal xylanolytic enzymes. Enzyme Microb Technol 33(5):620–628

39. Doelle HW, Kennedy LD, Doelle MB (1991) Scale up of ethanol production from
sugarcane using Zymomonas mobilis. Process Biochem 24:137

9 Production of Bioethanol from Food Industry Waste 303

http://dx.doi.org/10.1016/j.biortech.2009.07.019
http://dx.doi.org/10.1016/j.biortech.2009.07.019


40. Doran JB, Aldrich HC, Ingram LO (1994) Saccharification and fermentation of sugar-cane
bagasse by Klebsiella oxytoca P2 containing chromosomally integrated genes encoding the
Zymomonas mobilis ethanol pathway. Biotechnol Bioeng 44(2):240–247

41. Drapcho CM, Nhuan NP, Walker TH (2008) Biofuels engineering process technology, vol
42. Mc Graw Hill Companies, New York, pp 383–386

42. Eggeman T, Elander RT (2005) Process and economic analysis of pretreatment
technologies. Bioresour Technol 96:2019–2025

43. Eriksson KEL, Blanchette RA, Ander P (1990) Microbial and enzymatic degradation of
wood and wood components, vol 1. Springer, Berlin, p 407

44. Fall R, Phelps P, Spindler D (1984) Bioconversion of xylan to triglycerides by oil-rich
yeasts. Appl Environ Microb 47:1130

45. Fengel D, Wegener G (1983) Wood: chemistry, ultrastructure, reactions. Walter de Gruyter
and Co, Berlin

46. Flickinger MC (1980) Current biological research in conversion of cellulosic carbohydrates
into liquid fuels: how far have we come? Biotechnol Bioeng 23:27

47. Florenzano G, Poulain M (1984) A study of acetate production from cellulose using
Clostridium thermocellum. Biomass 4:295–303

48. Garrote G, Dominguez H, Parajo JC (2002) Autohydrolysis of corncob: study of non-
isothermal operation for xylooligosaccharide production. J Food Eng 52:211–218

49. Genthner BRS, Bryant MP (1987) Additional characteristics of one-carbon compound
utilization by Eubacterium limosum and Acetobacterium woodii. Appl Environ Microbiol
53:471–476

50. Gera IB, Kramr A (1969) The utilization of food industries wastes. In: Chichester CO, Mkak
EM, Stewart GF (eds) Advances in food research. Academic Press, New York, p 28

51. Glaumlich TR (1983) Potential fermentation products from citrus processing waste. Food
Technol 37:94

52. Goggin B, Thorsson G (1982) Operating experience with Biostill in a commercial distillery.
Alfo-Laval, Tumpa, Sweden

53. Gong CS, Chen LF, Tsao GI, Flickinger MG (1981) Conversion of hemicellulose
carbohydrates. Adv Biochem Eng 20:93

54. Gorgens JF, van Zyl WH, Knoetze JH, Hahn-Hägerdal B (2001) The metabolic burden of
the PGK1 and ADH2 promoter systems for heterologous xylanase production by
Saccharomyces cerevisiae in defined medium. Biotechnol Bioeng 73(3):238–245

55. Govinda Rao VM (1980) Rice husk, a raw material for industrial chemicals. In: Achaya KT
et al (eds) Proceedings of the symposium on wastes from food industries. Utilization and
Disposal. Association of Food Scientists and Technologists (India), CFTRI, Mysore, India

56. Gray WD, Stark WH, Kolachov P (1942) J Bacteriol 43:270
57. Grohmann K, Cameron RG, Buslig BS (1995) Fermentation of sugars in orange peel

hydrolysates to ethanol by recombinant Escherichia coil KOII. Appl Biochem Biotechnol
Part A Enzyme Eng Biotechnol 51–52:423

58. Grohmann K, Baldwin EA, Buslig BS (1994) Production of ethanol from enzymatic
hydrolysed orangr peel by the yeast Saccharomyces cerevisiae. Appl Biochem Biotechnol
45(46):315

59. Gu Bi, Ye Guozhen (2000) Commercial scale production of ethanol from cassava pulp. In:
Howeler RH, Oates CG, Brien GMO (eds) Cassava starch and starch derivatives,
Proceedings of the international symposium held in Nannking Guangxi, China, 11–15
Novemb 1996, pp 11–15

60. Guo GL, Hsu DC, Chen WH, Chen WH, Hwang WS (2009) Characterization of enzymatic
saccharification for acid-pretreated lignocellulosic materials with different lignin
composition. Enzyme Microb Technol 45:80–87

61. Gupta LK, Pathak G, Tiwari RP (1990) Effect of nutrition variables on solid state alcoholic
fermentation of apple pomace by yeast. J Food Sci Agric 50:55–2

62. Guzman-Maldonado H, Paredes-Lopez O (1995) Amylolytic enzymes and products derived
from starch: a review. Crit Rev Food Sci Nutrition 35:373

304 V. K. Joshi et al.



63. Hammond J, Brent ER, Diggins D, Coble CG (1996) Alcohol from bananas. Bioresour
Technol 56(1):125

64. Hanai T, Atsumi S, Liao JC (2007) Engineered synthetic pathway for isopropanol
production in Escherichia coli. Appl Environ Microbiol 73:7814–7818

65. Hang YD, Walter RH (1989) Treatment and utilization of apple processing wastes. In:
Downing DL (ed) Processed apple products. Van Nostrand Reinhold, New York, pp 365–
377

66. Hang YD, Lee CY, Woodams EF (1982) A solid state system for production of ethanol from
apple pomace. J Food Sci 47:1851–1852

67. Hang YD, Lee CY, Woodams E, Cooley HJ (1981) Production of alcohol from apple
pomace. App Environ Microb 42:1128–1129

68. Hatakka AI (1983) Pretreatment of wheat straw by white-rot fungi for enzymic
saccharification of cellulose. Appl Microb Biotechnol 18:350–357

69. Haukeli AD, Lie S (1971) Controlled supply of trace amounts of oxygen in laboratory scale
fermentations. Biotechnol Bioeng 13:619

70. Hayashida S, Ohta S (1981) Formation of high concentrations of alcohol by various yeasts.
J Inst Brew 68:478

71. Hodge HM, Hildebrandt FM (1954) Alcoholic fermentation of molasses. In: Underkolfer
LA, Hickey RJ (eds) Industrial fermentation, vol 1. Chemical Pub Co., New York, p 73

72. Holzer H (1968) Biochemistry of adaptation of yeast. In: Mills A, Krebids S (eds) Aspects
of yeast metabolism. Blackwell, Oxford, p. 155

73. Ingram LO, Conway T, Clark DP, Sewell GW, Preston JF (1987) Genetic engineering of
ethanol production in Escherichia coli. Appl Environ Microbiol 53:2420–2425

74. Ingram LO, Gomez PF, Lai X, Moniruzzaman M, Wood BE, Yomano LP, York SW (1998)
Metabolic engineering of bacteria for ethanol production. Biotechnol Bioeng 58:204–
214

75. Ingram LO, Doran JB (1995) Conversion of cellulosic materials to ethanol. FEMS
Microbiol Rev 16:235–241

76. Ingram LO, Conway T (1988) Expression of different levels of ethanologenic enzymes from
Zymomonas mobilis in recombinant strains of Escherichia coli. Appl Environ Microbiol
54(2):397–404

77. Jarosz K (1988) Solid state alcoholic fermentation of apple pomace. Acta Alimentaria
Polonica 14(3/4):139–144

78. Jeffries TW (2008) Engineering the Pichia stipitis genome for fermentation of
hemicellulose hydrolysates. In: Wall JD, Hardwood CS, Demain A (eds) Bioenergy.
ASM Press, Washington, DC, pp 37–47

79. Jeffries TW, Grigoriev IV, Grimwood J, Laplaza JM, Aerts A, Salamov A, Schmutz J,
Lindquist E, Dehal P, Shapiro H, Jin YS, Passoth V, Richardson PM (2007) Genome
sequence of the lignocellulose-bioconverting and xylose fermenting yeast Pichia stipitis.
Nat Biotechnol 25(3):319–326

80. Jeffries TW, Van Vleet JR (2009) Pichia stipitis genomics, transcriptomics, and gene
clusters. FEMS Yeast Res 9(6):793–807

81. Jones TD, Harvard JM, Dauguilis AJ (1993) Ethanol production from lactose by extractive
fermentation. Biotechnol Lett 15(8):871

82. Jones RP, Pamment N, Greenfield PF (1981) Alcohol fermentation by yeasts. Process
Biochem 16:42

83. Joshi VK, Sandhu DK (1996) Effect on type of alcohols in the distillates from the solid state
fermentation of apple pomace by different yeasts. Natl Acad Sci Letters 49(11–12):219–
224

84. Joshi VK, Sandhu DK (1996) Preparation and evaluation of animal feed using solid state
fermentation of apple pomace. Bioresour Technol 56:251–255

85. Joshi VK, Jaswal S, Lal B (1998) Apple pomace: effect of sulphur dioxide and temperature
on its preservation and medium optimization for yeast biomass production. J Sci Ind Res
57(10&11):692–697

9 Production of Bioethanol from Food Industry Waste 305



86. Joshi VK (1998) Apple pomace utilization—present status and future strategies. In: Pandey
Ashok (ed) Advances in biotechnology. Educational Publishers & Distributors, New Delhi,
pp 141–155

87. Joshi VK, Sandhu DK (1994) Solid state fermentation of apple pomace for production of
ethanol and animal feed. In: Pandey A (ed) Solid state fermentation. Wiley, New Delhi,
pp 93–98

88. Joshi VK, Sandhu DK, Jaiswal S (1995) Effect of addition of SO2 on solid state
fermentation of apple pomace. Curr Sci 69(3):263–264

89. Kalscheuer R, Stolting T, Steinbuchel A (2006) Micro-diesel: Escherichia coli engineered
for fuel production. Microbiology 152:2529–2536

90. Karhumaa K, Pahlman AK, Hahn-Hägerdal B, Levander F, Gorwa-Grauslund MF (2009)
Proteome analysis of the xylose-fermenting mutant yeast strain TMB 3400. Yeast
26(7):371–382

91. Katzen R, Fowler DE (1994) Ethanol from lignocellulosic waste with utilization of
recombinant bacteria. Appl Biochem Biotechnol 45(46):697

92. Kennedy MJ (1994) Apple pomace and Kiwi fruit: processing options. Australas Biotechno
4:43–49

93. Kerstetter JD, Lyons JK (2001) Wheat straw for ethanol production in Washington: a
resource, technical, and economic assessment. Washington State University Cooperative
Extension, Olympia

94. Khanna V, Gupta KG (1986) Effect of dithiocarbomates on citric acid production by
Aspergillus niger. Folio Microbiologica 31:288–292

95. Kim S, Dale BE (2004) Global potential bioethanol production from wasted crops and crop
residues. Biomass Bioenergy 26:361–375

96. Kim S, Holtzapple MT (2006) Delignification kinetics of corn stover in lime pretreatment.
Bioresour Technol 97:778–785

97. Klinke HB, Ahring BK, Schmidt AS, Thomsen AB (2002) Characterization of degradation
products from alkaline wet oxidation of wheat straw. Bioresour Technol 82:15–26

98. Kochar K (1982) Vast new horizons opening for ethanol. J Commerce:1c
99. Kotter P, Ciriacy M (1993) Xylose fermentation by Saccharomyces cerevisiae. Appl

Microbiol Biotechnol 38(6):776–783
100. Kumar P, Barrett DM, Delwiche MJ, Stroeve P (2009) Methods for pretreatment of

lignocellulosic biomass for efficient hydrolysis and biofuel production. Ind Eng Chem Res
48:3713–3729

101. Kumar R, Wyman CE (2009) Effects of cellulase and xylanase enzymes on the
deconstruction of solids from pretreatment of poplar by leading technologies. Biotechnol
Prog 25:302–314

102. Kumar S, Singh SP, Mishra IM, Adhikari DP (2009) Recent advances in production of
bioethanol from lignocellulosic biomass, review. Chem Eng Technol 32(4):517–526

103. Lamprecht I, Migger L (1969) Microcalorimetric study on the effect of stirring on the
growth of yeast. Z Naturforsch Teel B 24:1205

104. Laureano-Perez L, Teymouri F, Alizadeh H, Dale BE (2005) Understanding factors that
limit enzymatic hydrolysis of biomass. In: Twenty-sixth symposium on biotechnology for
fuels and chemicals, pp 1081–1099

105. Lavenspiel O (1980) The monad equation: a revise! and a generalization to product
inhibition situations. Biotechnol Bioeng 3:1671

106. Lawford HG, Rousseau JD, Mohagheghi A, McMillan JD (1999) Fermentation performance
characteristics of a prehydrolyzate-adapted xylose-fermenting recombinant Zymomonas in
batch and continuous fermentations. Appl Biochem Biotechnol 77–79:191–204

107. Laymon RA, Adney WS, Mohagheghi A, Himmel ME, Thomas SR (1996) Cloning and
expression of fulllength Trichoderma reesei cellobiohydrolase I cDNAs in Escherichia coli.
Appl Biochem Biotechnol 57(58):389–397

108. Lee YY, Iyer P, Torget R (1999) Dilute-acid hydrolysis of lignocellulosic biomass. Adv
Biochem Eng/Biotechnol 65:93–115

306 V. K. Joshi et al.



109. Lee JH, Skotnick ML, Roger PL (1982) Kinetic study of flocculent strain of Zymomonas
mobilis. Biotechnol Lett 4:615

110. Li L, Wang Y, Zhang Q, Li J, Yang X, Jin J (2008) Wheat straw burning and its associated
impacts on Beijing air quality. Sci China Ser D Earth Sci 51:403–414

111. Li X, Kondo R, Sakai K (2002) Biodegradation of sugarcane bagasse with marine fungus
Phlebia sp. MG-60. J Wood Sci 48:159–162

112. Lindberg B, Rosell KG, Svensson S (1973) Position of the O-acetyl groups in birch xylan.
Svensk Papperstidning 76:30

113. Liou JSC, Balkwill DL, Drake GR, Tanner RS (2005) Clostridium carboxidivorans sp. nov.,
a solvent-producing Clostridium isolated from an agricultural settling lagoon, and
reclassification of the acetogen Clostridium scatologenes strain SL1 as Clostridium
drakei sp. nov. Int J Syst Evol Microbiol 55:2085–2091

114. Magnuson K, Jackowski S, Rock CO, Cronan JE Jr (1993) Regulation of fatty acid
biosynthesis in Escherichia coli. Microbiol Rev 57:522–542

115. Mahmood AU, Greenman J, Scragg AH (1998) Orange and potato peel extracts: analysis
and use as Bacillus substrates for the production of extracellular enzymes in continuous
culture. Enzyme Microbiol Technol 22:130–137

116. Maiorella BI (1983) Ethanol industrial chemicals. Biochem Fuels. Pergamon Press, Oxford,
pp 861–914

117. Maiorella BL, Castillo FJ (1984) Ethanol biomass and enzyme production for whey taste
abatemeno. Process Biochem 19(4):157

118. Martín C, Klinke HB, Thomsen AB (2007) Wet oxidation as a pretreatment method for
enhancing the enzymatic convertibility of sugarcane bagasse. Enzyme Microb Technol
40:426–432

119. Martín C, Marcet M, Almazán O, Jönsson LJ (2007) Adaptation of a recombinant xylose-
utilizing Saccharomyces cerevisiae strain to a sugarcane bagasse hydrolysate with high
content of fermentation inhibitors. Bioresour Technol 98:1767–1773

120. McKendry P (2002) Overview of biomass. Energy production from biomass (Part 1).
Bioresour Technol 83(1):37–46

121. Merino ST, Cherry J (2007) Progress and challenges in enzyme development for biomass
utilization. Adv Biochem Eng Bio-technol 108:95–120

122. Mielenz JR (2001) Ethanol production from biomass: technology and commercialization
status. Curr Opin Microbiol 4:324–329

123. Miller DG, Gnffiths Smith K, Algar E, Scoopes RK (1982) Activity and stability of
glycolytic enzymes in the presence of ethanol. Biotechnol Lett 4:601

124. Mohagheghi A, Evans K, Chou YC, Zhang M (2002) Cofermentation of glucose, xylose,
and arabinose by genomic DNA-integrated xylose/arabinose fermenting strain of
Zymomonas mobilis AX101. Appl Biochem Biotechnol 98–100:885–898

125. Morella B (1982) Fermentation alcohol: better to convert to fuel. Hydrocarbon Process
61(8):95

126. Mosier N, Wyman CE, Dale BD, Elander RT, Lee YY, Holtzapple M, Ladisch CM (2005)
Features of promising technologies for pretreatment of lignocellulosic biomass. Bioresour
Technol 96:673–686

127. Moss FJ, Richard PAD, Bush FE, Caiger P (1971) The response by microorganism to
steady state growth in controlled concentration of oxygen and glucose. Biotechnol Bioeng
13:63

128. Moulin G, Boze H, Galzy P (1989) Inhibition of alcoholic fermentation. In: Russell GE (ed)
Yeast Biotechnol. Intercept Ltd., Dorset

129. Nambudiri ES, Lewis YS (1980) Cocoa waste and its utilization. In: KT Achaya et al. (eds.)
Proceedings of the symposium on wastes from food industries: utilization and disposal.
Association of Food Scientists and Technologists (India), CFTRI, Mysore, India, p 24

130. Ngadi MD, Correia LR (1992) Solid state ethanol fermentation of apple pomace as affected
by moisture and bioreactor mixing speed. J Food Sci 57(3):667

9 Production of Bioethanol from Food Industry Waste 307



131. Nigam JN (2001) Development of xylose-fermenting yeast Pichia stipitis for ethanol
production through adaptation on hardwood hemicellulose acid prehydrolysate. J Appl
Microbiol 90(2):208–215

132. Nirmala B, Somayaji D, Khanna S (1996) Biomethanation of banana peel and pineapple
wastes. Biores Technol 58:73–76

133. Nishio N, Oku Y, Kawamura D, Nagai S (1979) Liquifaction and saccharification of
mandarine orange waste. J Ferment Technol 57:354

134. Ohta K, Beall DS, Mejia JP, Shanmugam KT, Ingram LO (1991) Genetic improvement of
Escherichia coli for ethanol production: chromosomal integration of Zymomonas mobilis
genes encoding pyruvate decarboxylase and alcohol dehydrogenase II. Appl Environ
Microbiol 57(4):893–900

135. Ohta K, Beall DS, Mejia JP, Shanmugam KT, Ingram LO (1991) Metabolic engineering of
Klebsiella oxytoca M5A1 for ethanol production from xylose and glucose. Appl Environ
Microbiol 57(10):2810–2815

136. Okano K, Kitagawa M, Sasaki Y, Watanabe T (2005) Conversion of Japanese red cedar
(Cryptomeria japonica) into a feed for ruminants by white-rot basidiomycetes. Animal Feed
Sci Technol 120:235–243

137. Olearry US, Green R, Sullivan BC, Holsinger UH (1977) Alcohol production by selected
yeast strains in lactose hydrolysed whey. Biotech Bioeng 19:1019

138. Oura E, Haarasilta S, Londesborough S (1980) Carbon dioxide fixation by baker’s yeast
under a variety of growth conditions. J Gen Microb 119:51

139. Paturau JM (1982) By-products of the cane sugar industry, 2nd edn. Elsevier, New York
140. Peng F, Ren JL, Xu F, Bian J, Peng P, Sun RC (2009) Comparative study of hemicelluloses

obtained by graded ethanol precipitation from sugarcane bagasse. J Agric Food Chem.
doi:10.1021/jf900986b

141. Peterson JD, Ingram LO (2008) Anaerobic respiration in engineering Escherichia coli with
an internal electron acceptor to produce fuel ethanol. Ann N Y Acad Sci 1125:363–372

142. Philippidis GP, Smith TK (1995) Limiting factors in the simultaneous saccharification and
fermentation process for conversion of cellulosic biomass to fuel ethanol. Appl Biochem
Biotechnol 51(52):117–124

143. Picataggio S, Zhang M (1996) Microorganism development for bioethanol production from
hydrolysates. In: Wyman CE (ed) Handbook on bioethanol: production and utilization.
Taylor and Francis, Washington, D.C., pp 163–178

144. Prasad S, Singh A, Joshi HC (2007) Ethanol as an alternative fuel from agricultural,
industrial and urban residues. Resour Conserv Recycl 50:1–39

145. Qian Y, Yomano LP, Preston JF, Aldrich HC, Ingram LO (2003) Cloning, characterization,
and functional expression of the Klebsiella oxytoca xylodextrin utilization operon (xynTB)
in Escherichia coli. Appl Environ Microbiol 69(10):5957–5967

146. Ravinder T, Swamy MV, Seenayya G, Reddy G (2001) Clostridium lentocellum SG6-a
potential organism for fermentation of cellulose to acetic acid. Bioresour Technol 80:171–
177

147. Reesen L (1978) Dairy Ind Int 43(1):9
148. Riendeau D, Meighen E (1985) Enzymatic reduction of fatty acids and acyl-CoAs to long

chain aldehydes and alcohols. Experientia 41:707–713
149. Roberto IC, Mussatto SI, Rodrigues RCLB (2003) Dilute-acid hydrolysis for optimization

of xylose recovery from rice straw in a semi-pilot reactor. Ind Crops Prod 7:171–176
150. Rogers PL, Lee KJ, Skotnicki ML, Tribe DE (1982) Ethanol production by Zymomonas

mobilis. Adv Biochem Eng 23:37
151. Rogers PL, Phil D, Leg KJ, Tribe DE, Tribe ME (1980) High productivity of fermentations

with Zymomonas mobilis. Process Biochem 15(6):7
152. Rose AH (1967) Alcoholic fermentation. In: William RJ , Lansford EM (ed) The

encyclopedia of biochemistry. Reinhold, New York, p 25
153. Rose AH, Beaven MJ (1981) End product tolerance of ethanol. In: Holleander A (ed)

Trends in biology of fermentations for fuels and chemicals. Plenum, New York, p 513

308 V. K. Joshi et al.

http://dx.doi.org/10.1021/jf900986b


154. Rosenberg S (1980) Fermentation of pentose sugars to ethanol and other neutral producing
microorganism. Enzyme Microb Technol 2:185

155. Sacchettini JC, Poulter CD (1997) Creating isoprenoid diversity. Science 277:1788–1789
156. Saddler JN, Chan MKH (1984) Conversion of pretreated lignocellulosic substrate to ethanol

Clostridium thermocellum in mono and coculture with Clostridium thermosaccharolyticum
C. thermohydrosulphuricum. Can J Microbiol 30:212

157. Saha BC (2000) Alpha-L-Arabinofuranosidases, biochemistry, molecular biology and
application in biotechnology. Biotechnol Adv 18(5):403–423

158. Saha BC, Bothast RJ (1966) Production, purification and characterization of a highly
glucose tolerant novel b-glucosidase from Candida peltata. Appl Environ Microbiol
62:3165

159. Saha BC (2003) Hemicellulose bioconversion. Ind Microbiol Biotechnol 30:279–291
160. Sandhu DK, Joshi VK (1997) Solid state fermentation of apple pomace for concomitant

production of ethanol and animal feed. J Sci Ind Res (CSIR) 56:86–90
161. Sandhu DK, Joshi VK (1984) Comparative fermentation behaviour and chemical

characteristics of Saccharomyces and Zymomonas fermented culled apple juice. Indian J
Exp Biol 32:873

162. Sargent SA, Steffe JF, Pierson TR (1986) The economic feasibility of in-plant combustion
of apple processing wastes. Agric Wastes 15(2):85–96

163. Sasson A (1984) Biotechnologies: challenges and promises. Oxford & IBH, New Delhi,
p 207

164. Savage MD, Wu ZG, Daniel SL, Lundie LL, Drake HL (1987) Carbon monoxide-dependent
chemolithotrophic growth of Clostridium thermoautotrophicum. Appl Environ Microbiol
53:1902–1906

165. Schlesinger WH (1991) Biogeochemistry: an analysis of global Change. Academic, San
Diego, p 443

166. Sendelius J (2005) Steam pretreatment optimization for sugarcane bagasse in bioethanol
production. Master of Science thesis, Lund University, Sweden

167. Sharma N, Bhalla TC, Agarwal HO, Bhatt AK (1996) Saccharification of physico-chemical
pretreated lignoocellulosics by partially purified cellulase of Trichoderma viride. Sci Lett
19:141

168. Shen GJ, Shieh JS, Grethlein AJ, Jain MK, Zeikus JH (1999) Biochemical basis for carbon
monoxide tolerance and butanol production by Butyribacterium methylotrophicum. Appl
Microb Biotechnol 51:827–832

169. Shi NQ, Davis B, Sherman F, Cruz J, Jeffries TW (1999) Disruption of the cytochrome c
gene in xylose-utilizing yeast Pichia stipitis leads to higher ethanol production. Yeast
15(11):1021–1030

170. Shi NQ, Jeffries TW (1998) Anaerobic growth and improved fermentation of Pichia stipitis
bearing a URA1 gene from Saccharomyces cerevisiae. Appl Microbiol Biotechnol
50(3):339–345

171. Sim JH, Kamaruddin AH, Long WS, Najafpour G (2007) Clostridium aceticum—a potential
organism in catalyzing carbon monoxide to acetic acid: application of response surface
methodology. Enzyme Microb Technol 40:1234–1243

172. Sims R, Taylor M, Saddler J, Mabee W (2008) From 1st to 2nd generation biofuels
technologies-full report—an overview of current industry and R&D activities. International
Energy Agency, Nov 2008

173. Slepova TV, Sokolova TG, Lysenko AM, Tourova TP, Kolganova TV, Kamzolkina OV,
Karpov G.A, Bonch-Osmolovskaya, EA (2006) Carboxydocella sporoproducens sp. nov., a
novel anaerobic CO-utilizing/H2- producing thermophilic bacterium from a Kamchatka hot
spring. Int J Syst Evol Microbiol 56:797

174. Smock RM, Neubert AM (1950) Apples and apple products. Interscience Publ, New York
175. Sreekumar O, Basappa SC (1992) Effect of calcium and sodium salt on ethanol produc-

tion in high sugar fermentation by free cells of Zymomonas mobilis. Biotechnol Lett
16(6):511

9 Production of Bioethanol from Food Industry Waste 309



176. Sreekumar O, Basappa SC (1995) Effect of different nitrogen sources on ethanolic
fermentation of glucose by Zymomonas mobilis. J Food Sci Technol 32:252

177. Staff (1981) Chementator. Chem Eng (N Y) 88(16):7
178. Stark WH (1954) Alcoholic fermentation of grain. In: Under LA, Hickey RJ (eds) Industrial

fermentation, vol 1. Chem Pub. Co., New York, p. 17
179. Sun X-F, Sun R-C, Su Y, Sun J-X (2004) Comparative study of crude and purified cellulose

from wheat straw. J Agric Food Chem 52:839–847
180. Szczodrak J, Fiedurek J (1996) Technology for conversion of lignocellulosic biomass to

ethanol. Biomass Bioenergy 10(6):367–375
181. Taherzadeh MJ, Karimi K (2007) Enzyme-based hydrolysis processes for ethanol from

lignocellulosic materials: a review. BioResources 24:707–738
182. Taherzadeh MJ, Karimi K (2008) Pretreatment of lignocellulosic wastes to improve ethanol

and biogas production: a review. Int J Mol Sci 9:1621–1651
183. Tan TC, Lauc M (1975) J Singap Natl Acad Sci 4:152
184. Tanner RS, Miller LM, Yang D (1993) Clostridium ljungdahlii sp. nov., an acetogenic

species in clostridial ribosomal-RNA homology group-I. Int J Syst Bacteriol 43:232–236
185. Tantirungkij M, Nakashima N, Seki T, Yoshida T (1993) Construction of xylose

assimilating Saccharomyces cerevisiae. J Ferment Bioeng 75(2):83–88
186. Teramoto Y, Ueki T, Kimura K, Ueda S, Shiota S (1993) Complete utilization of Shochu

distillery waste, 2. Semi-continuous ethanol fermentation with Shochu distillery waste.
J Inst Brewing 99(2):139

187. Tomas-Pejo E, Oliva JM, Ballesteros M (2008) Realistic approach for full-scale bioethanol
production from lignocellulose: a review. J Sci Ind Res 67:874–884

188. Tyner W (2008) The US ethanol and biofuels boom: its origins, current status and future
prospects. Bioscience 587:646–653

189. Van Vleet JH, Jeffries TW (2009) Yeast metabolic engineering for hemicellulosic ethanol
production. Curr Opin Biotechnol 20(3):300–306

190. Van Walsum GP, Shi H (2004) Carbonic acid enhancement of hydrolysis in aqueous
pretreatment of corn stover. Bioresour Technol 93(3):217–226

191. Wang Y, Shi WL, Liu XY, Shen Y, Bao XM, Bai FW, Qu YB (2004) Establishment of a
xylose metabolic pathway in an industrial strain of Saccharomyces cerevisiae. Biotechnol
Lett 26:885–890

192. Wang DIC, Cooney CI, Demain AL, Donnil P, Humphrey AE, Lilly MD (1979) Ferment
and enzyme technology. Willy, New York

193. Watson GT (1970) Effect of sodium chloride on steady-state growth and metabolism
Sacharomyces cerevisiae. J Gen Microbiol 64:91

194. Wingren A, Galbe M, Roslander C et al (2005) Effect of reduction in yeast and enzyme
concentrations in a simultaneous-saccharification and fermentation based bioethanol
process. Appl Biochem Biotechnol 122:485–499

195. Withers ST, Gottlieb SS, Lieu B, Newman JD, Keasling JD (2007) Identification of
isopentenol biosynthetic genes from Bacillus subtillis by a screening method based on
isoprenoid precursor toxicity. Appl Environ Microbiol 73:6277–6283

196. Wyman CE (2003) Potential synergies and challenges in refining cellulosic biomass to fuels,
chemicals, and power. Biotechnol Prog March-April 19(2):254–262

197. Wyman CE (1999) Biomass ethanol: technical progress, opportunities, and commercial
challenges. Ann Rev Energy Environ 24:189–226

198. Wyman CE (2007) What is (and is not) vital to advancing cellulosic ethanol. Trends
Biotechnol 25:153–157

199. Yomano LP, York SW, Ingram LO (1998) Isolation and characterization of ethanol-tolerant
mutants of Escherichia coli KO11 for fuel ethanol production. J Ind Microbiol Biotechnol
20(2):132–138

200. Yomano LP, York SW, Zhou S, Shanmugam KT, Ingram LO (2008) Reengineering
Escherichia coli for ethanol production. Biotechnol Lett 30(12):2097–2103

310 V. K. Joshi et al.



201. Zaldivar J, Ingram LO (1999) Effect of organic acids on the growth and fermentation of
ethanologenic Escherichia coli LY01. Biotechnol Bioeng 66(4):203–210

202. Zaldivar J, Martinez A, Ingram LO (1999) Effect of selected aldehydes on the growth and
fermentation of ethanologenic Escherichia coli. Biotechnol Bioeng 65(1):24–33

203. Zaldivar J, Martinez A, Ingram LO (2000) Effect of alcohol compounds found in
hemicellulose hydrolysate on the growth and fermentation of ethanologenic Escherichia
coli. Biotechnol Bioeng 68(5):524–530

204. Zamora R, Crispin JAS (1995) Production of an acid extract of rice straw. Acta Cient Venez
46:135–139

205. Zevenhoven M (2000) The prediction of deposit formation in combustion and gasification
of biomass fuels—fractionation and thermodynamic multi-phase multi-component
equilibrium (TPCE) calculations. In: Haefele S (ed) Combustion and materials chemistry.
Lemminkäinengatan, Finland, p.38

206. Zhang M, Eddy C, Deanda K, Finkelstein M, Picataggio S (1995) Metabolic engineering of
a pentose metabolism pathway in ethanologenic Zymomonas mobilis. Science
267(5195):240–243

207. Zhang Y, Lin H-M, Tsao GT (1998) Pretreatment for cellulose hydrolysis by carbon dioxide
explosion. Biotechnol Prog 14:890–896

208. Zhang Y, Zhu Y, Zhu Y, Li Y (2009) The importance of engineering physiological
functionality into microbe. Trends Biotechnol. doi:10.1016/jtibtech2009.08.006

209. Zhang YHP, Ding SY, Mielenz JR, Cui JB, Elander R, Laser M, Himmel ME, McMillan JR,
Lynd LR (2007) Fractionating recalcitrant lignocellulose at modest reaction conditions.
Biotechnol Bioeng 97:214–223

210. Zhao XQ, Bai FW (2009) Mechanisms of yeast stress tolerance and its manipulation for
efficient fuel ethanol production. J Biotechnol. doi:10.1016/jjbiotec.2009.05.001

211. Zhou S, Yomano LP, Shanmugam KT, Ingram LO (2005) Fermentation of 10% (w/v) sugar
to D-lactate by engineered Escherichia coli B. Biotechnol Lett 27(23):1891–1896

9 Production of Bioethanol from Food Industry Waste 311

http://dx.doi.org/10.1016/jtibtech2009.08.006
http://dx.doi.org/10.1016/jjbiotec.2009.05.001

	9 Production of Bioethanol from Food Industry Waste: Microbiology, Biochemistry and Technology
	9.1…Introduction
	9.2…Raw Materials
	9.2.1 Wheat Straw
	9.2.2 Sugarcane Bagasse
	9.2.3 Rice Straw
	9.2.4 Fruit and Vegetable Waste
	9.2.4.1 Apple Pomace
	9.2.4.2 Banana Waste
	9.2.4.3 Pineapple Waste
	9.2.4.4 Orange Peel Waste
	9.2.4.5 Potato Peel Waste

	9.2.5 Coffee Waste
	9.2.6 Cheese Whey
	9.2.7 Spent Sulfite Liquor
	9.2.8 Bioethanol from Algae

	9.3…Microorganisms for Bioethanol Production
	9.3.1 Microorganisms and Their Characteristics
	9.3.2 Substrate and Microorganisms
	9.3.3 Lignocellulosic Material for Ethanolic Fermentation
	9.3.4 Fermentation of Syngas into Ethanol

	9.4…Biochemistry of Fermentation
	9.4.1 Fermentation of Carbohydrates
	9.4.1.1 Glucose
	9.4.1.2 Sucrose
	9.4.1.3 Lactose
	9.4.1.4 Starch
	9.4.1.5 Cellulose
	9.4.1.6 Hemicelluloses

	9.4.2 Efficiency of Ethanol Formation
	9.4.3 Metabolic Engineering for the Production of Advanced Fuels
	9.4.3.1 The Coenzyme-A-Dependent Fermentative Pathways
	9.4.3.2 The Keto Acid Pathways
	9.4.3.3 The Fatty Acid Biosynthesis Pathway
	9.4.3.4 Isoprenoid Pathway


	9.5…Genetically Modified Microorganisms for Bioethanol Production
	9.5.1 Escherichia coli
	9.5.2 Zymomonas mobilis
	9.5.3 Pichia stipitis
	9.5.4 Kloeckera oxytoca
	9.5.5 Saccharomyces cerevisiae

	9.6…Fermentation
	9.6.1 Fermentation Kinetics
	9.6.1.1 Yeast Metabolic Pathways
	9.6.1.2 Effect of Sugar Concentration
	9.6.1.3 Effect of Ethanol
	9.6.1.4 Effect of Oxygen
	9.6.1.5 Effect of pH
	9.6.1.6 Effect of Temperature
	9.6.1.7 Additional Nutrient Requirements
	9.6.1.8 Secondary Component Inhibition

	9.6.2 Fermentation Process for Bioethanol
	9.6.2.1 Conventional Batch Fermentation
	9.6.2.2 Continuous Fermentation
	9.6.2.3 Fed-Batch Fermentation


	9.7…Technology of Bioethanol Production
	9.7.1 Sugar Molasses
	9.7.2 Apple Pomace
	9.7.3 Orange Waste
	9.7.4 Banana Waste
	9.7.5 Potato Waste
	9.7.6 Wheat Straw
	9.7.7 Rice Straw
	9.7.8 Rice Husk
	9.7.9 Barley
	9.7.10 Whey
	9.7.11 Cassava Roots
	9.7.12 Hydrolysed Cellulosic Biomass
	9.7.12.1 Pretreatment
	9.7.12.2 Chemical Hydrolysis
	Acid Hydrolysis
	Concentrated-Acid Hydrolysis
	Dilute-Acid Hydrolysis

	Alkali Hydrolysis
	Enzymatic Hydrolysis
	Advantages of Biological Pretreatment over Chemical Treatment
	Thermal Pretreatment
	Wet Oxidation


	9.7.13 Recent Advances in Bioethanol Production Process
	9.7.14 Boiethanol Refinery

	9.8…Future Perspectives and Conclusions
	References


