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Abstract Biofuels are leading a group of alternative energy sources due the fact
they can make use of organic waste as feedstock and be more environmentally
friendly than fossil ones. One of the most attractive ones is the use of butanol as a
gasoline enhancer or substitute, as both compounds share significant physico-
chemical properties such as energy content. Current research results show that it’s
possible to use agro-industrial waste as feedstock thanks to the discovery of new
species and saccharification technologies. In this work a basic outline of the
state-of-the-art overview of biofuel technologies, their properties and current
challenges is presented. The potential of the use of saccharification processes into
biofuel producing ones as a way to take advantage of the wide array of
agro-industrial waste currently generated as feedstock is discussed, and finally a
brief introduction to the ABE (acetone-butanol-ethanol) fermentation system is
given, as it is a pathway for butanol production by biological means by the bac-
terium Clostridium. Although wide array of sugars can be used, some of the current
challenges and strategies to address the problems inherent to the biological system,
such as low productivities and inhibitory effects caused by solvents accumulation
into the reactor is discussed. Finally, this chapter will close with a brief analysis of
the scope of these strategies within the context of bioprocess engineering, show-
casing the efforts made in this context to adapt new fermentation regimes to
increase the system’s butanol productivity based on modelling and simulation
techniques.
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1 Introduction

It is well known that humanity is currently experiencing a major energy crisis
because the main source of it comes from a non-renewable resource such as oil. The
reality of the oil sector indicates that reserves are at a critical level, therefore now
research effort is focused on the study and development of processes aimed to
consolidate alternative energy production and distribution technologies (Demirbas
2009).

One of the key objectives set out in the approach to the use of alternative energy
technologies is to reduce the environmental impact caused by both the exploitation
and use of fossil fuel energy, especially considering the great environmental harm
caused by extraction, refining and use of oil derivatives, which represents a threat to
both terrestrial and marine ecosystems due to leakage of aromatic hydrocarbons
(Brown 2003). Although organisms of bacterial or plant origin can remediate
contaminated sites, is also known that many of these organisms may produce
intermediate compounds that could exhibit greater toxic effect on the biota of
affected sites than the original contaminants. Additionally, the use of petroleum
fuels in conventional internal combustion engines also generates toxic compounds,
resulting from the partial oxidation of these and their impurities, that appreciably
contribute to increase the emission of greenhouse effect gases as CO2, CH4, NOx
and SOx (Escobar et al. 2008).

Therefore, when looking for strategies to develop and exploit alternative energy
sources, greater emphasis on generating strategies to provide added value to the
operation should be given, as this aims to increase the success rate of the process for
scale-up to commercial levels without suffering undue pressure from an economic
perspective (Dufey 2006).

Within the overall progress made in research and development of alternative
energy technologies, a vast set of technologies exists aimed to harness sunlight, air
currents, geothermal activity or nuclear energy. However, although there is a wide
range of possibilities, most of the technologies currently developed for the
exploitation of these sources have very low conversion yields and high infras-
tructure costs associated with their exploitation. In addition, it must be considered
that these types of alternative energy sources are often limited to generate elec-
tricity, but cannot easily cover the growing problem of fuel supply for the transport
sector (Melaina et al. 2013). Attempts to incorporate the above mentioned tech-
nologies not only requires implementation, for example, of a solar panel system, but
also the modification of the engine and its mechanical system to make it compatible
with this new technology, and that would arise the need to replace almost all of
existing vehicles today by those that could function with the new power supply,
which implies further economic and social issues (Ogden et al. 2004).
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It is noteworthy that none of the technologies presented in the previous para-
graph meet the criteria mentioned above of adding additional benefits outside
reducing pollution derived from their use, especially considering that another
concerning issue today is the current rate of waste generation and the environmental
pollution caused by the various human activities, and the use of renewable energies
like wind and solar ones do not provide direct answers to said problems.

Biofuels, which can be defined as all compounds of organic nature derived from
living beings and their metabolism, lead a group of alternative energy sources
aimed to provide solution to the issues raised above, as they seem more suitable to
address specific issues that other technologies cannot overcome, such the use of
organic waste as raw material (Maddipati et al. 2011). Additionally, biofuels pro-
cesses have extensive theoretical knowledge that supports them, as fermentation
technology is almost as ancient as humanity (Naik et al. 2010). However, current
research and development of biofuel technologies cannot achieve reasonable pro-
duction levels to make them attractive from the economic point of view due both
low conversion yields and availability of feedstock materials.

One of the most studied biofuels in the last decade is butanol, as opposed to the
currently developed processes for the production of ethanol and biodiesel, which
could offer better answers regarding fuel mileage yield, lower gaseous emissions
and better physico-chemical properties while also being able to make use of
agro-industrial waste as feedstock requiring minimal or null pre-treatment to obtain
it (Lee et al. 2008a, b).

Therefore in this chapter there will be a general showcase of the state-of-the-art
biofuel technology, which leads to the current advances and challenges of said
technologies regarding the use of agro-industrial waste as feedstock, followed by a
brief discussion about the down-side of the use of ethanol as fuel and the advan-
tages offered by butanol for the automotive sector. Then butanol production via
bioprocesses and the advances made in this field of bioengineering to make use of
biomass-derived residues as substrate will be discussed. Finally, efforts made in our
work group to find novel fermentation techniques that could allow to improve the
productivity of the butanol producing systems from a kinetic modelling and sim-
ulation perspective will be introduced.

2 Biofuels

Biofuels can be classified according to the aggregation state in which they are
useful as fuels. Within gaseous biofuels, the best known representative is the
so-called biogas, which is a mixture consisting primarily of methane, carbon
dioxide and other trace elements. This type of fuel is also found relatively easily in
the environment and can come from natural sources, such as swamps or lakes, or
from anthropogenic sources such as livestock. The main virtue of this type of
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compounds is their high calorific value, whereby large volumes of gas are not
required to achieve acceptable production of energy. However the most important
issues to overcome before its use as a reliable energy source is the large amount of
infrastructure needed to efficiently collect such compounds and the difficulty and
risk for its transport and storage, since pressure and temperature of the vessels and
ducts employed for such task need a strict control to prevent explosions.

Solid biofuels, made up mostly of plant biomass as wood, straw or coal are
abundant in nature. Yet, uncontrolled combustion does result in the generation of
ashes with high contents of heavy metals or gaseous emissions containing sulphur
or nitrogen oxides that not only contribute to increasing the greenhouse effect, but
strong acids in the presence of atmospheric water vapour can be formed which
precipitate as acid rain (Vamvuka et al. 2003). In addition, the process in which
they can be obtained, can further affect the ecological balance by requiring the
destruction of large-scale forest ecosystems.

Finally, for liquid biofuels, a wide array of compounds exist but, unlike solid or
gaseous biofuels, liquid ones are not easily found in the environment. These are
generally obtained mostly through fermentation processes performed by microor-
ganisms of bacterial or fungal origin, or generated by algae with high lipid content
(Gomez et al. 2008). Within this scenario, it cannot be anticipated that liquid
biofuels would share most of the problems of exploitation, management or distri-
bution of solid and gaseous ones, since most of the internal combustion systems are
based on the use of liquid fuels; however these compounds still suffer from low
conversion yields and, in some cases, high recovery costs of finished products. In
contrast to the classic fossil fuel’s production processes, such renewable biofuels
tend to be restricted to recoverable or profitable compounds of interest, which
affects the economic viability of their production (Pfromm et al. 2010).

Another current issue with biofuel technology is feedstock availability and price,
as traditional biotechnological processes require the use of monomeric or dimeric
sugars as substrate for cell growth (McNew and Griffith 2005). Nonetheless, it is
known that within the diversity of waste generated due world trade and industrial
activities, there is a vast variety of hydrocarbonated components that can be utilized
as raw material for producing biofuels (Sharma et al. 2013).

3 Agro-Industrial Waste

In this context, agro-industrial waste can be defined as those residuals of organic
nature generated or derived from the use, collection and processing of plant bio-
mass. The agro-industrial wastes consist of a variety of components that can come
from various sources. There are those generated by the exploitation of forest
resources, such as tree bark, wood chips, sawdust, remains of chipboard, etc. that
are not used efficiently and are not integrated into finished products or from
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agronomic nature which include stubble remains of fruits and vegetables, straw,
seed shells, waste from processes for obtaining syrups or juices, pulp, etc. (Singh
et al. 2012). These compounds mainly contain sugars arranged into molecules of
high molecular weight that exhibit significant amounts of radical branching,
cyclization and physico-chemical properties that confer biochemical stability, ren-
dering them unsuitable for traditional fermentation (Lo et al. 2008).

Therefore, based on the composition and structure of the various agro-industrial
residuals, a classification can be made in advance to propose an adequate mecha-
nism for their decomposition into fermentable sugars and subsequent transforma-
tion into fuels.

Waste from logging and conversion of forest resources consist mainly of what is
called lignocellulose, which is composed of cellulose fibres wrapped in an amor-
phous matrix of hemicellulose chains and skeletons of lignin (Martinez et al. 2009).
It has a high mechanical and chemical resistance due to cyclic aromatic groups
present in the matrix of lignin, rendering them more or less resistance against attack
by microorganisms and preventing direct use as raw materials for liquid biofuels
despite high availability (Yuea et al. 2014).

Cellulose is the most abundant organic polymer in nature. It is made up of long
chains of glucose, usually linked by covalent bonds b-1,4. Glucose polymers
forming the cellulose have a linear structure and tend to bind together by hydrogen
bridge links, generating what is known as crystalline region, where cellulose fibres
are organized into compact structures which is the reason behind their high
chemical stability and resistance to attack by biological agents (Klemn et al. 2005).
Additionally, there is another region within cellulose chains termed amorphous
region, conformed by glucose polymers that do not arrange so tightly due a reduced
formation of hydrogen bonds between the chains; thus amorphous regions are more
susceptible to chemical and biological degradation (Aro et al. 2005).

In contrast, hemicellulose is a heterogeneous polymer, consisting of monomers
bearing no specific type of sugar or with a single type of bond between them,
making it more likely to have no crystal structures (Aspinall 1959). This polymer is
comprised mostly of pentose sugars such as xylose or arabinose, hexoses such as
mannose, glucose or galactose and uronic acids (Gírio et al. 2010). These chains
tend to link to the cellulose through hydrogen bonds or by interaction with other
polymers such as lignin and pectin. Hemicelluloses have a relatively short chain
length with respect to cellulose, however this kind of polymer can represent from
15 to 35 % of the total dry weight of the plant material (Scheller and Ulvskov
2010).

With the statements in the preceding paragraphs it is easy to understand the
importance of generate technologies that allow the use of the large amount of
organic matter present in agro-industrial waste, not only to solve problems related
to environmental pollution but also to take advantage more efficiently of natural
resources and guarantee the supply of raw material for renewable liquid biofuel
production to ensure economic and technical feasibility.
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4 Saccharification Methods

Obtaining sugars from the structural constituents of plant biomass is not a novel
research topic, as since the composition of the polymers described in the previous
section are known, sugar extraction attempts for commercial purposes, particularly
within the area of food supply, have been extensively studied (Harris 1949). The
biggest obstacle present is inherent to the physico-chemical nature of
agro-industrial waste which has hampered incorporating them and the use of
chemical or physical agents that jeopardize both the product integrity, quality and
safety for both human and bacterial feedstock (Sun and Cheng 2002).

The first techniques of degradation of plant biomass were based on the process
developed during World War II by Giordani in 1939 (Kobayashi et al. 1962). These
techniques involved the use of size reduction operations, such as grinding or
milling, the resulting chips is given a chemical treatment with dilute sulphuric acid
to remove or eliminate the hemicellulose present in the plant tissue, then the
biomass is subjected to a treatment with a concentrated acid solution containing up
to 60 % H2SO4 and allowed to dry to be then re-treated with the liquor obtained
from the first stage of hydrolysis in a container at high temperature. This process
has the advantage of having very good recovery yields of sugars, which provides
concentrated sugar solutions for fermentation, however high consumption of acid
solutions and the presence of inhibitory compounds for bacterial growth (such as
furfural) require additional treatment for the use as feedstock (Qureshi et al. 2007).

Another hydrolysis techniques also involves the use of acid but exclusively in
diluted form. Here the biomass is crushed and then treated with sulphur dioxide gas,
the chips are then heated to 180 °C for 2–3 min and then compressed by expansion
valves to generate a pulp. This pulp is subsequently washed and the soluble
components recovered into the supernatant is subjected to a new round of contact
with dilute sulphuric acid. This technique allows to obtain fermentable sugar
solutions with up to 8 % w/w and without high concentrations of inhibitory
compounds that could affect the bacterial growth for carrying out fermentation
(Saha et al. 2005).

Finally, another chemical treatment performed to obtain fermentable sugars from
plant biomass is the use of alkaline solutions, which may contain as active com-
pound sodium or ammonium hydroxide. This treatment is, however, only used
during pre-treatment stages, as they help to generate porosity into the cellulosic
material and thereby allows for increased contact surfaces between the solid phase
and the liquid medium containing hydrolysis agents, such as enzyme preparations
(Chen et al. 2013a, b).

The techniques of biological degradation of lignocellulosic material is a more
recent research topic, which has emerged due to the large amount of knowledge
generated in the areas of bioengineering and molecular biology that allows a more
detailed study of the organisms that have the capacity of feeding on such complex
substrates or agro-industrial waste (Demirbas 2009). These technologies promise
higher performance of polymer conversion to fermentable sugars due to use of
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highly specific enzymes involved in the hydrolysis. An additional advantage is the
requirement of less aggressive operating conditions such as pressure, temperature
and pH compared to chemical methods (Sandgren and Hiberg 2005). Despite this,
the cost of producing the enzymes required to perform the operation is relatively
high and the organisms, that produce proteins with such properties naturally, have
complex nutritional requirements and require facilities that allow for solid state
fermentation to optimize production of these enzymes (Pandey 2003).

5 Current Challenges of Biofuel Production

One of the processes currently established at large-scale is ethanol production as an
additive or substitute for gasoline in internal combustion engines, which, despite
being one of the oldest biotechnology techniques and with extensive knowledge
derived from that vast experience, still requires additional efforts to become a solid
long-term candidate to replace fossil fuels (Lee et al. 2008a, b). First of all it must
be mentioned that the type of raw material (sugar cane and corn, respectively) used
for production in Brazil and in the United States, which are the largest producers of
ethanol for use as biofuel, comes from resources originally destined for both animal
and human consumption, (Pimentel et al. 2007). Added to this, ethanol has tech-
nical limitations of use, storage and integration into current internal combustion
engine technology, such as being more hygroscopic with respect to oil-based fuels.
Therefore it cannot be transported efficiently over long distances through pipes
without accumulating additional moisture, thus reducing its final titter, and con-
tributing to internal oxidation of the pipes (Antoni and Zverlov 2007).

With the above, different biofuels have been looked for in nature to attempt to
lessen the issues previously stated, and one of the most convincing candidates is
butanol.

6 Butanol as Biofuel

Butanol is a short chain alcohol, which has been produced by biological means for a
long time. It has the advantage of a higher energy content per litre of fuel than
ethanol, less volatility and slightly lower octane number than gasoline, which can
improve its yield over the ethanol and reduce engine gaseous emissions. Also due to
higher density, a higher mass of fuel is injected into the engine, which, considering
its similar calorific power versus gasoline, helps to attain comparable energy
content per litre. It is therefore assumed that butanol would be a better fuel extender
or substitute for current regular gasoline than ethanol (Table 1).

Traditionally, the methodology for obtaining butanol by fermentation is based on
the degradation of various sugars (particularly glucose or sucrose) carried out by
Gram-positive bacteria of the genus Clostridium, via a metabolic pathway called
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ABE (acetone-butanol-ethanol) (Qureshi et al. 2008). This biological process was
originally exploited for the production of acetone as a solvent for the chemical and
military industry, being of such importance that most of the explosives made and
used during World War II were based on this technology. Back then, butanol was
considered an undesirable product, however, the former Soviet Union began its use
as fuel, partly due to the harsh weather conditions. By the mid-60s the process of
obtaining ABE products at industrial-scale allowed to reach reaction volumes up to
300 m3. Nonetheless, the boom in the petrochemical industry in the 70s provided
solvents and chemicals at very low cost compared to the biological process,
resulting in fermentation plants being dismantled (Zverlov et al. 2006).

Currently, there is a renewed interest in the study of the ABE system in order to
adapt such technology to suit the energy demands of this time (Lee et al. 2008a, b).
Still, biological system present native restrictions that have prevented consolidation
as a mature technology such as low production yields, inhibitory effects of accu-
mulated solvents with culture age and mechanisms of metabolic regulation present
in Gram-positive bacilli, such as sporulation (Zheng et al. 2009).

7 Clostridium Cultures Using Agro-Industrial Waste
as Substrate

One of the biggest problems of traditional fermentation processes, which are
generally based on yeast cultures for the production of alcohol, is that the organisms
do not have the ability to degrade and consume pentoses constitutively. This is a
desirable attribute in the context of use of agro-industrial waste as feedstock for the
generation of biofuels, because of the large amount of hemicellulose present in the
structure of residues coming from both the wood and paper industry (Martín et al.
2007). Studies in the past decade have been conducted to find new species, use
molecular techniques or metabolic engineering in order to generate strains with the
ability to growth on a wider range of carbon sources. Generated strains existing
today exhibit moderate yields of alcohol production which do not surpass titters

Table 1 Comparison of different physico-chemical properties between regular gasoline, ethanol
and n-butanol (Modified from Mužíková et al. 2014)

Fuel Density
(kg/m3)

Reid vapour
pressure
(kPa)

Energy
content per
litre (MJ/L)

Research
octane
number

Solubility in
water @
20 °C (w/w)

Regular
gasoline
(US/UK)

740 45–90 32.6 95 0.01

n-butanol 810 2.3 29.2 94 20.1

Ethanol 794 17 23.5 106 Completely
miscible
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over 20 g L−1, preventing consideration as strong candidates for biofuel production
(Atsumi et al. 2008; Peralta-Yahya et al. 2012).

In contrast, many strains of Clostridia display natural capabilities to metabolise a
wider range of carbon sources including pentoses, being most attractive the species
that can feed on xylose and mannose, which are the most abundant monosaccha-
rides in w/w fraction generated from saccharification of lignocellulosic residues
(Qureshi et al. 2007).

In addition, it is known that some wild-type Clostridium species have the ability
to grow solely on lignocellulosic carbon sources, such as Clostridium thermocellum
or Clostridium celullolyticum (Bayer et al. 1983; Keis et al. 2001). These species
are widely recognized within the processes of degradation of plant biomass because
they possess the ability to produce extracellular cellulolytic enzymes in large
quantities organized into complex structures called cellulosomes (Lamed et al.
1983a, b). Within a cellulosome, a wide array of endoglucanases, cellobiohydro-
lases, xylanases and other degradative enzymes exist that allow the microorganisms
to efficiently degrade almost all of the cellulosic or hemicellulosic substrate found
in vegetal biomass (Nordon et al. 2009).

Table 2 summarizes current advances in ABE fermentation using agro-industrial
waste as feedstock and the highest producing strains. It is noteworthy to emphasize
that there are technologies that can reach practical yields that match the theoretical
value of 0.45 g/g of ABEs from glucose, which is indicative that the research in this
field is stepping in the right direction.

Table 2 Summary of the results of ABE production under batch fermentation (Modified from Liu
et al. 2013)

Feedstock Strain ABE
concentration
(g/L)

ABE
yield
(g/g)

ABE
Productivity
(g/L * h)

References

Barley straw C. beijerinckii 26.64 0.43 0.39 Qureshi
et al.
(2010)

Wheat straw C. beijerinckii 21.42 0.41 0.31 Qureshi
et al.
(2008)

Corn fiber C. beijerinckii 9.3 0.39 0.10 Qureshi
et al.
(2008)

Corn stover C. beijerinckii 26.27 0.44 0.31 Qureshi
et al.
(2010)

Rice straw C. saccharoperbutylacetonicum 13 0.28 0.15 Soni et al.
(1982)

Bagasse C. saccharoperbutylacetonicum 18.1 0.33 0.3 Soni et al.
(1982)

Switch grass C. beijerinckii 14.61 0.39 0.17 Qureshi
et al.
(2010)
(continued)
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8 Current Challenges for the ABE Fermentation
Processes

Although, as described above, it can be assumed that the problem of availability of
substrate for butanol production as a biofuel could be guaranteed, it should be
mentioned that generally, most of the obstacles that impede the use of clostridial
strains in ABE producing bioprocesses involve the biochemical limitations to
bacterial growth by both substrate and solvents concentrations in the broth. Some
authors (Lee et al. 2008a, b; Qureshi et al. 2010) report that ABE producing bacteria
will not grow in solutions containing over 175 g/L of glucose or 14–21 g/L of
solvents, as excess carbon sources disrupt incorporation by the microorganisms and
the high solvent titters partially solubilize the cell’s wall causing a depolarization of
their membranes, which impedes stabilization after or during cell division.

Additionally, the production of butanol using agro-industrial waste as feedstock,
needs to consider pre-treatment and saccharification techniques, as both acid and
alkaline methods have a negative impact on growth of the culture because clos-
tridial species regulate their metabolism. They sense hydrogen potential gradients
between their cytoplasm and their surroundings, resulting in acid media causing
what is it known as acid crash and alkaline ones cause inhibition due to poor proton
exchange (Dürre 2007). Finally it should be noted that Clostridium species with
cellulolytic capabilities usually do not have the enzymes necessary to perform ABE
fermentation, so these strains cannot be used by themselves in the production
processes of second generation biofuels (López-Contreras 2001).

Research advances made up to date utilise both molecular biology and engi-
neering techniques to solve some of the issues of renewable butanol for biofuel

Table 2 (continued)

Feedstock Strain ABE
concentration
(g/L)

ABE
yield
(g/g)

ABE
Productivity
(g/L * h)

References

Domestic
organic waste

C. acetobutylicum 9.3 0.38 0.08 Claassen
et al.
(2000)

Sago C. saccharobutylicum 16.38 0.33 0.59 Liew et al.
(2005)

Defibrated
sweet potato
slurry

C. acetobutylicum 5.87 0.29 0.12 Badr et al.
(2001)

Cassava Co-culture of B. subtillis and C.
butylicum

9.71 0.21 0.135 Tran et al.
(2010)

Crystaline
cellulose

Co-culture of C. thermocellum
and C.
saccharoperbutylacetonicum

10.3 0.25 0.02 Nakayama
et al.
(2011)

Deshelled
corn cobs

Co-culture of C. cellulovorans
and C. beijerinckii

11.8 0.17 0.14 Wen et al.
(2014)
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production from agro-industry wastes. Genetic manipulation target overexpression
of the key transcription factor that regulates sporulation (spoA) coupled to the
downregulation of the expression of hydrogenases encoded by the gene cluster
known as hupCBA. This approach resulted in increased solvent production in batch
culture and reduction of inhibitory effects caused by the accumulation of solvents in
the medium (Alsaker et al. 2004). Additionally there are reports of metabolic
engineering via antisense RNA, targeting the transcript of the gene ctfB, to redirect
the carbon flux from acetone forming pathways to butanol producing ones, has had
moderate success (Tummala et al. 2003).

Recent studies using an engineering approach have explored the feasibility of
implementing strategies for unconventional culture techniques in which it is pro-
posed to feed a first reactor directly with agricultural shredded waste and inoculate
it with bacteria of the genus Clostridium thermocellum to obtain fermentable sugars
that could feed to a second reactor inoculated with Clostridium acetobutyllicum or
Clostridium beijerinckii to obtain ABE products (Qureshi et al. 2007). These
studies have shown that success can be further enhanced by implementing a
co-culture of both a cellulolytic and a butanol-producing strain in the same reactor
(Nakayama et al. 2011).

Despite all advances made in the ABE technology, these have been unable to
achieve optimal yields based on capabilities of the Clostridium strains. Particularly,
as yields are typically based on empirical knowledge, process efficiency cannot be
assessed with regards to process engineering, such as analysis, design, optimization
and process control.

Formulation of mathematical models could overcome such challenges if they
could describe and, ideally, also predict the behaviour of the biological system
under study over a wide range of operational conditions. This would allow to
determine more appropriate procedures for the exploitation of the bacterial meta-
bolism more precisely. In this light, it is necessary to analyse the ABE pathway to
determine best strategies to successfully achieve the intended goal.

9 ABE Metabolic Pathway

The ABE metabolic pathways is composed of 19 main reactions (Fig. 1), in which
acetate, butyrate, ethanol, acetone, lactate and hydrogen are co-products of the
fermentation. The metabolism shows two distinctive phases, an acidogenic phase,
in which acetate and butyrate are the main products during exponential growth
phase of the culture, and a solventogenic phase, in which butanol, ethanol and
acetone are the main products relating to stationary phase (Bahl et al. 1982).

Hexoses are metabolised into pyruvate via the Embden-Meyerhof-Parnas path-
way, whereas pentoses are incorporated into the metabolism by the action of the
UDP-glucose uridyl transferase (Durán-Padilla et al. 2014). Pyruvate is one of the
key intermediates of the Clostridium metabolism, and under certain conditions
Clostridium species are capable of transforming pyruvate to lactate through
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pyruvate dehydrogenase. The main reaction, however, is conversion of pyruvate to
acetyl-CoA through pyruvate-ferredoxin oxidoreductase (Uyeda and Rabinowitz
1971) with the concurrent reduction of ferredoxin, a reason why lactate formation is
not considered in most metabolic models.

NAD(P)H-Ferredoxin oxidoreductases are key enzymes for electron transport in
the Clostridium genus (Gheshlaghi et al. 2009). In acid-producing cultures,
ferredoxin-reductase shows high activity. Two reasons have been proposed, (i) ne-
cessity for regenerating NAD− consumed in the Glyceraldehide-3-P-dehydrogenase
reaction, or (ii) as acidogenic cultures are in exponential growth, high enzymatic
activity is required for meeting energy requirements. The ferredoxin oxidoreductases
regulatory mechanism appears to be related to NAD- and NADH concentration,
which turns out to be an efficient regulatory system that prevents accumulation of
NADH in the acidogenic phase, and increasing NAD(P)− reductases activity during
the solventogenic phase in turn, for the higher NAD(P)H demand needed for ethanol
and butanol production in that stage (Gheshlaghi et al. 2009).

Hydrogen formation is catalysed by the hydrogenase, which uses reduced
ferredoxin as electron donor (Gheshlaghi et al. 2009). As well as ferredoxin
reductases, the hydrogenase shows distinctive behaviour during acidogenesis and
solventogenesis, as reduced ferredoxin competes with NAD(P)− reductases for it,
meaning it also competes for reducing power with butanol and ethanol dehydro-
genases during solventogenesis.

The ABE pathway has three important nodes in Acetyl-CoA, Acetoacetyl-CoA
and Butyryl-CoA. Acetyl-CoA is a rigid node from which the carbon flux is

Fig. 1 ABE metabolic pathway
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distributed to five different metabolites. Two branches come out directly from
Acetyl-CoA which end up in acetate and ethanol, from Acetoacetyl-CoA acetone is
produced while butanol and butyrate are produced from butyryl-CoA. Acetate and
butyrate are energy producing reactions in which 1 molecule of ATP is produced
for each Acetyl/Butyryl-CoA consumed. Both compounds are re-assimilated during
solventogenesis, this reaction is catalysed in two different ways, acetate and
butyrate can either be converted to acetyl/butyryl-CoA through a reversible reac-
tions or through the action of the CoA-transferase (Millat et al. 2014), which
consumes one molecule of Acetoacetyl-CoA and one of acetate/butyrate to produce
one molecule of acetoacetate and one of acetyl/butyryl-CoA. This mechanism sets
up an efficient solvent producing strategy, given that it would be energetically
unfavourable to re-assimilate both acetate and butyrate through the reversible
reactions, the availability of a non-ATP consuming reaction lets the organism face
the energy deficit while still being capable to produce ethanol and butanol in the
stationary or solventogenic phase.

This theory is supported by findings made by Desai et al. (1999) and Lehmann
et al. (2012) indicating that butyrate consumption during solventogenesis is catal-
ysed through the reversible reaction, as opposed to acetate consumption which is
related to acetoacetate production. Also Wang et al. (2013) and Desai et al. (1999)
reported that acetate is produced even after the organism shifted to solventogenesis,
which would be an indication that the production of acetate is necessary for energy
generation.

There are several hypothesis trying to explain the factors that control the switch
between acid generating metabolism and solvent generating metabolism. Some
authors (Hüsemann and Papoutsakis 1988; Terracciano and Kashket 1986) suggest
that the concentration of un-dissociated butyric acid is the controlling factor.
However, Chen and Blaschek (1999) proposed that the switch is the result from
extracellular and intracellular signals, like culture’s pH or intracellular Acetyl-P and
Butyryl-P concentrations respectively. Zhao and Tomas (2005) concluded that it is
Butyryl-P and not Acetyl-P that controls the metabolism switch, while Wietzke and
Bahl (2012) suggest that energy and redox balance are the key intracellular signals
to start solvent production.

10 ABE Fermentation Kinetic Modelling

According to Mayank et al. (2012) and the authors knowledge there are 7
relevant kinetic models for ABE fermentation reported in literature (Shinto et al.
2007; Li et al. 2011a, b; Haus et al. 2011; Napoli et al. 2011; Thorn et al. 2013;
Millat et al. 2014; Velázquez-Sánchez et al. 2014), moreover Metabolic Flux
Analysis has been used to successfully describe the behaviour of the ABE pathway
(Desai et al. 1999; Papoutsakis and Rice 1984). However, for the sake of simplicity
and reproducibility, all reported kinetic models have been validated through
experiments conducted using glucose as the only carbon source. Therefore, to
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ensure a fair comparison between results of this and the following sections of the
chapter, all selected analyses are based on studies made under that condition, which
implies that the fermentation stage of the analysed operational regimes are made
after an upstream operation of lignocellulosic digestion.

Five of the six proposed models are structured metabolic models, which intend to
recreate the bacterial metabolism at both an enzymatic and genetic level, but their
inherent complexity makes it difficult to successfully apply them to the bioengi-
neering field, such as in process design and optimization. Therefore the necessity for
a model aiming to study the process at a much simpler level is evident. The model
should hold sufficient predicting capacity to provide insight into the Clostridial
metabolism and also help in the design of industrial-scale ABE fermentation.

Velázquez-Sánchez et al. (2014) set up the precedent of an unstructured phe-
nomenological model that could describe the process with sufficient accuracy and in
this revision an improved version of the model is used to study different working
regimes and butanol production strategies. The kinetic model has a set of seven
differential equations describing the behaviour of each product of interest. There are
6 production rate equations, one for each of the following compounds: Butanol
(But), Acetone (Ace), Ethanol (Et), Acetate (Act), Butyrate (Sb) and Biomass (X).
The biomass production model (Eq. 1) is a Haldane-Luong equation, taking into
account the inhibitory effect of butanol, but not the one caused by the carbon
source. Butyrate kinetics (Eq. 13) include a product formation rate (Eq. 5) con-
sidering glucose as its main substrate, and one consumption rate described by Eq. 2
for Butanol production.

lx ¼ mumaxx � Sg
ksgþ Sg

� �
� 1� But

kbut

� �m� �
ð1Þ

lbut ¼ mumaxbut � Sg
ksgbþ Sg

� �
� Sb

ksbþ Sb

� �
ð2Þ

lact ¼ mumaxact � Sg
ksgactþAct

� �
ð3Þ

let ¼ mumaxet � Sg
ksgetþ Sg

� �
ð4Þ

lsb ¼ mumaxsb � Sg
ksbsgþ Sg

� �
ð5Þ

lace ¼ mumaxace � Sb
kbaþ Sb

� �
� Act

kaaþAct

� �
ð6Þ

Butyrate consumption (Eq. 13) takes into account the reversible pathway that
transforms butyrate into butyryl-P and, subsequently, into Butyryl-CoA, as well as
the reaction catalysed by CoA-transferase. For acetate consumption, given the
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results reported by Desai et al. (1999) and Lehmann et al. (2012), only the reaction
catalysed by the CoA-transferase is considered.

dSg
dt

¼ D � Sga� Sgð Þð Þ � X � lx
Yxsg

� �
þ lbut � Ybxð Þ

Ybutsg

� �
þ lact � Yactxð Þ

Yactsg

� ��

þ let � Yetxð Þ
Yetsg

� �
þ lsb � Ysbxð Þ

Ysbsg

� ��

ð7Þ
dX
dt

¼ �D � Xð Þþ lx � kdð Þ � X ð8Þ

dAce
dt

¼ �D � Aceð Þþ lace � X � Yacexð Þð Þ ð9Þ

dBut
dt

¼ �D � Butð Þþ lbut � X � Ybxð Þð Þ ð10Þ

dAct
dt

¼ �D � Actð ÞþX � lact � Yactxð Þð Þ � lace � Yacexð Þ
Yaceact

� �� �
ð11Þ

dEt
dt

¼ �D � Etohð Þþ let � X � Yetxð Þð Þ ð12Þ

dSb
dt

¼ D � Sba � Sbð Þð ÞþX

� lsb � Ysbxð Þð Þ � lbut � Ybxð Þ
Ybutsb

� �
� lace � Yacexð Þ

Yacesb

� �� �
ð13Þ

Having declared the mass balance equations, it is necessary to analyse the
behaviour of the biological system and its response under multiple operating
conditions to ensure stability and reproducibility of the results, with a view to
scaling and control system strategies, using this kind of novel modelling technique.

11 Butanol Production Strategies and Analysis

Little has been reported in the literature regarding the effect of the operating regime
in establishing ABE fermentation using Clostridium strains and the possible causes
and effects associated with butanol production due the use of one or another pro-
duction strategy, as there are generally are limited studies available to evaluate a
particular condition against classic batch methods, so many of the novel proposed
processes are still open for analysis.
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Therefore, the following four different production strategies are being analysed:

1. Adding acetate/butyrate at the beginning of a batch fermentation and in the inlet
of a Continuous Stirred Tank Reactor (CSTR).

2. CSTR in one, two and three stages.
3. Fed-Batch culture.
4. CSTR followed by a fed-batch stage.

11.1 Batch Fermentation

It has been proved that adding butyrate at the beginning of a batch fermentation
improves butanol yields and productivity (Chen and Blaschek 1999; Lee et al.
2008a, b; Chang 2010; Wang et al. 2013), due to a larger carbon pool shifts carbon
flux toward butanol and because the presence of butyrate causes feed-back
inhibition of its forming pathway (Lee et al. 2008a, b; Wang et al. 2013).

Figure 2 showcases the possible behaviour of the system feeding either butyrate
or acetate at the beginning of fermentation. Simulations performed with 4 g L−1 of
butyrate added at the beginning of fermentation shows that final butanol concen-
tration after 300 h is 12.7 g L−1, an improvement of 33.7 % from the 9.6 g L−1 of
butanol achieved without butyrate. Analysing the product formation rate it becomes
evident that although butanol maximum productivity does not exceed that of the
one obtained by the culture without butyrate, butanol production begins earlier in
the fermentation and continues over a longer period, which causes the final titter to
increase. Acetone experiences the opposite effect, final concentration drops by
15 % caused by a reduction in its formation rate during solventogenesis. There is no

Fig. 2 Comparison of butanol production between classical batch fermentation vs. systems
supplemented with butyrate or acetate at t0 made by simulation using the author’s kinetic model
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agreement on the effect of adding acetate into a batch ABE fermentation. Chen and
Blaschek (1999) report that the presence of acetate indeed increases both acetone
and butanol final titters, however Holt et al. (1984) report that even though acetone
concentration increases, butanol productivity experiences as much as a two fold
decrease. Simulations made with 4 g L−1 of initial acetate agree with Holt et al.
(1984) findings, as butanol final concentration after 300 h reduces as much as
33.2 %, while acetone concentration increases 30 %. Product formation rates show
how butanol productivity not only drastically decreases, but its production starts
later during fermentation and stops as much as 30 h earlier than in cultures without
acetate. This agrees with findings indicating that butyrate re-assimilation is catal-
ysed by the reversible reaction and acetate re-assimilation is catalysed by the
CoA-transferase pathway.

11.2 Continuous Stirred Tank Reactor (CSTR)

It is clear that the addition of butyrate to batch fermentation causes a substantial
increase in butanol titters. It is, however, also apparent that a batch culture is not the
optimal strategy in industrial fermentation because time taken between the end of
one culture and the beginning of a new one (sterilization and cleaning) would
decrease productivity.

Therefore, butanol production in a CSTR is being taken as the optimal strategy
for ABE fermentation, because it can keep production for longer periods, reducing
time spent on up and downstream processes (Li et al. 2011a, b).

Further description of continuous culture will be given later in the chapter, while
in this section the first working regime studied was using inlet feeding at a dilution
rate of 0.04 h−1 containing 100 g L−1 of glucose and 4 g L−1 of butyrate. As pre-
vious results indicate that the addition of acetate diminishes butanol formation, this
regime was not further studied. Simulations results show that butanol productivity
increases 8 % with a final concentration of 3.01 g L−1 in the effluent. In terms of the
production strategy, the observed increase justifies the addition of butyrate, however
further economic studies are need to check if indeed the expense made on butyrate is
feasible, because butyrate can be considered an expensive supply.

Simulations were based on a CSTR intended to study the dynamics of the
fermentation over wide working regimes, more specifically from dilution rates from
0 to 0.1 h−1 and glucose concentrations in the feed from 0 to 200 g L−1. The results
show that solvents maximum production rate was between 0.02 to 0.08 h−1, with a
maximum butanol production in 0.05 h−1, irrespective of the glucose concentration
in the feed, while acid maximum production rates were found into dilution rates
higher than 0.05 h−1. This phenomena is typical for ABE fermentation, given that
acidogenic and solventogenic phases are related to the growth phase of the culture.
It is most likely that in CSTR operated with higher dilution rates, cells were not
allowed to remain in the reactor for sufficient time to enter solventogenesis, while
the opposite is observed at lower dilution rates (Li et al. 2011a, b). To shorten the
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favourable working regions, the cell’s catalytic activity was evaluated also, showing
that at dilution rates between 0.04 and 0.07 h−1 and glucose concentrations between
80 and 120 g L−1, maximum butanol production per unit mass of cells in the
reactor was achieved.

11.2.1 CSTR with Two and Three Stages

To further study the strategies under development with CSTRs, further analyses
were made considering both two- and three-staged processes. One of the proposi-
tions made regarding a two-staged process indicates that high dilution rates in the
first reactor are needed to get high acids concentrations which then, taking advantage
of Clostridium’s biphasic metabolism, would be converted to solvents at a posterior
stage with low dilution rates (Bahl et al. 1982; Lai and Traxler 1994; Mutschlechner
et al. 2000). The results indicate the absence of this phenomenon, as when the
conditions set on the first reactor favour acids or solvents production, the second
reactor displays an identical internal dynamic, increasing the concentrations of the
components produced in the first stage. This behaviour is consistent with experi-
mental evidence, indicating that indeed the conditions set on the first stage become
the controlling conditions of the whole process, independently of pH and dilution
rate of the posterior stages (Godin and Engasser 1990; Setlhaku et al. 2012).

Propositions made by De Gooijer et al. (1996) indicate that staged processes
become favourable when product inhibition is strong, moreover three-staged
CSTRs can achieve the closest performance to a CSTR followed by a plug flow
reactor. Simulations on staged CSTRs were run in two different conditions, one in
which the dilution rates increase in every stage and one with the opposite condi-
tions, being the dilution rates 0.04, 0.06 and 0.08 h−1 for the former and 0.04, 0.03
and 0.015 h−1 for the latter, both using 100 g L−1 of glucose in the feeding of the
first stage. Butanol concentration increased in both conditions, as for the system
with increasing dilution rates butanol increased 80.56 % from the first stage to the
second and from the second to the third 29.78 %, being the final butanol concen-
trations 2.9, 5.2 and 6.7 g L−1 in each stage respectively. This results indicates that
there is little improvement with the addition of the third stage, indeed the overall
productivity up to the third stage remains the same as if the process only had two
stages, being 0.124 g L−1 h−l in both scenarios. The system with decreasing dilu-
tion rates showed a greater improvement in butanol concentration with an increase
of 120.7 % from the first to the second stage and 42.2 % from the second to the
third stage, being the final butanol concentrations 6.4 and 9.1 g L−1 in the second
and third stage respectively. Although the increase in butanol concentrations might
be impressive, there is a downside in decreasing the dilution rates because
Hydraulic Retention Times (HRTs) of the whole process increase, which result in
decreased productivity; for the conditions tested the overall productivity up to the
second and third stage were 0.11 and 0.073 g L−1 h−1, respectively.

Further simulations show that the productivity when a third stage is added only
improves if the total HRT of the whole process is lower than 56 h, nonetheless the
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conversion yield from glucose to butanol of the processes with a third stage
improves by as much as 60.8 % in systems with HRT’s lower than 80 h. Further
research is needed to identify which of the conditions has an economic advantage,
given that, for example, the conditions with low productivity but higher butanol
concentrations could simplify the posterior purification processes up to the point
where the production cost is lower than that of a system with higher productivity.

11.3 Fed-Batch Fermentation

Fed-Batch fermentation is a technique used to reduce substrate inhibition, a batch
fermentation is run until either a desired substrate concentration or biomass con-
centration is achieved, then a solution with concentrated substrate is fed at a con-
stant, linear, exponential or intermittent rate. In ABE fermentation, fed batch culture
is recommended only with in-line product recovery (Qureshi et al. 1992; Ezeji et al.
2004), due to the strong inhibition effects of butanol, a simple fed-batch would not
achieve sufficient productivity to offer any advantages over CSTR operation.

In order to study the behaviour of a fed-batch culture, a theoretical scenario was
set up with a 30,000 L bioreactor and constant flow regimes between 34 and
800 L h−1 with a glucose feed concentration of 150 g L−1. Maximum productivity
was achieved between 200 and 400 L h−1, but it is clear that productivity values
reachable through simple fed batch operation are lower, 33 % less, than those of a
CSTR. There is, however, an advantage in dealing with a single culture. Fed batch
can reach butanol concentrations of 8 g L−1 in a single stage, 63 % more than that
of a single stage CSTR.

For further analysis, a novel bioreactor configuration, in which the effluent of a
CSTR was used as the feed to a fed batch reactor was tested, and the results of both
this stage and the one discussed prior to are presented in Figs. 3 and 4. To the

Fig. 3 Theoretical butanol productivity versus feeding flow rate of both a single fed batch reactor
and a hybrid system composed of a CSTR and a fed batch fermenters obtained by simulation using
the author’s kinetic model
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authors’ knowledge, the work performed by Setlhaku et al. (2012) is the only report
of this kind of configuration for ABE fermentation. The study indicates that this
system is capable of reaching higher solvent volumetric titters and specific pro-
ductivity, as well as higher butanol concentration before any product removal
technique is applied. The simulations made using the enhanced model proposed
here indicate that even though the productivity surpasses that of a single fed batch,
the same does not apply for the CSTR. Productivity in this system increases
asymptotically with flow, reaching more than 0.12 g L−1 h−1 in the CSTR at flows
higher than 400 L h−1. This sets up two problems, first the difficulty of finding a
working region that offers an advantage of some kind, and second, the problems
arising from feeding such high fluxes, as it depends on the capacity of the first stage
to grow sufficiently before feeding the fed batch, which can lead to scale up
troubles. This bioreactor configuration is advantageous in other ways, for instance it
reaches 9.6 g L−1 of butanol at 0.055 g L−1 h−1, which is close to 30 % slower
than a three-stage CSTR, moreover the conversion yield of glucose to butanol is
30 % higher (0.24 g But gS−1).

12 Concluding Remarks

As evidenced, a wide arrange of reported methodologies to improve the ABE
fermentation economic and environmental feasibility exist, but the current
state-of-the-art is still far from providing adequate responses to overcome chal-
lenges, especially regarding integration of the technologies with agricultural waste
management and treatment. Nonetheless, Clostridial species are solid candidates for
consideration as versatile biological systems for transformation of organic residues

Fig. 4 Final theoretical butanol titter comparison between single fed batch and an hybrid arrange
composed of a single stage CSTR and a fed batch reactor obtained via simulations made using the
author’s kinetic model
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into energy compounds and also into commodity chemicals such as CO2, solvents
or even hydrogen. Further study in this area is encouraged and justified.

Further efforts made into the study of the ABE producing processes should
incorporate engineering tools like design, optimization and control of bio-systems
that could lead to the scale-up of this technology beyond semi-pilot stage. Factors to
be considered are: analysis of feedstock availability and costs and the current efforts
made into pre-treatment and co-culture techniques to re-evaluate their economic
and technical feasibility at large-scale.
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