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A B S T R A C T

Traditionally, bio-butanol is produced with the ABE (Acetone Butanol Ethanol) process using Clostridium
species to ferment sugars from biomass. However, the route is associated with some disadvantages such
as low butanol yield and by-product formation (acetone and ethanol). On the other hand, butanol can be
directly produced from ethanol through aldol condensation over metal oxides/ hydroxyapatite catalysts.
This paper suggests that the chemical conversion route is more preferable than the ABE process, because
the reaction proceeds more quickly compared to the fermentation route and fewer steps are required to
get to the product.
ã 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Butanol (ethyl alcohol) is a four-carbon alcohol which has been
mainly used as a solvent, chemical intermediate, and extractant in
cosmetics and pharmaceutical industries and also for the
* Corresponding author. Fax: +2718 299 1535.
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production of butyl acrylate and methacrylate [1–3]. This alcohol
class is sometimes known as bio-butanol when produced
biologically from fermentation of starchy and sugar feedstock.
Butanol is mainly comprised of four isomeric structures, i.e. n-
butanol (n-C4H9OH), sec-butanol (sec-C4H9OH), iso-butanol (iso-
C4H9OH) and tert-butanol (tert-C4H9OH) [4].

In recent years, n-butanol has caught the attention of
researchers as an alternative biofuel to bioethanol. Although most
researchers and industries previously focused on ethanol as a fuel
der the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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than butanol [60,61], butanol could be a better direct option The
straight chain alcohol (n-butanol) is considered as the next
generation biofuel due to many advantages over ethanol (see
Table 1), such as higher energy content, lower volatility, and does
not readily adsorb moisture [1,3,5]. The other added advantage is
carbon atoms of butanol double that of ethanol. It is known that the
higher the number of carbon atoms, the more energy is contained
(approximately 30% more energy) in butanol compared to ethanol
[1,62]. The high boiling point of butanol than that of ethanol causes
butanol to take much longer to be burned in the motor engine than
ethanol. It is also less corrosive and more suitable for distribution
through existing petrol pipelines. The Reid vapor pressure of
n-butanol is 7.5 times lower than that of ethanol, thus making it
less evaporative/explosive [6]. If use in a blend, n-butanol can be
mixed in higher ratios than ethanol with petrol for use in existing
cars without the need for modification as the air-fuel ratio and
energy content are closer to that of petrol [7,8]. In addition, high
octane rating makes the alcohol more suitable to be used in
internal combustion engines. A fuel with lower octane rating is
more prone to knocking (extremely rapid and spontaneous
combustion by compression) and will lower efficiency. Knocking
can also cause engine damage [9]. Unlike other alcohols, the
Environmental Energy Company (US) confirmed that n-butanol
can be used as a total replacement for petrol without any
modifications to car engines [10].

Despite all benefits associated with the use of the alcohol as a
fuel, there are glitches associated with the bio-production of
butanol such as low production yield and high substrate cost. Many
efforts are being directed toward utilization of lower-costs
substrate such as maize stover [11], agricultural waste [12] and
rice straw [13], barley straw [14] and switchgrass [15]. First
generation bio-butanol causes problem ranging from a negative
impact on food security, increased food prices and net energy
losses [16].

Other studies have focused on the utilisation of crude glycerol
that is obtained as a byproduct during biodiesel production to
lower the impact of biofuels production on food security [11,17a].

Search for cheaper second generation substrates, technology
and other carbon sources will be required if renewable biofuels are
to make more significant advantages into the world's energy
portfolio. Lignocellulose is potentially the best feedstock for bio-
butanol production and therefore more efficient bioconversion of
cellulose and hemicellulose to be sought for economic success of
the industrial production of bio-butanol [18,19]. Research into
more effective conversion of biomass material using economically
feasible processes is thus of principal importance. This article is a
detailed review of the current production options for n-butanol
from biomass using biochemical and chemical strategies. In
addition, the review discusses the history of butanol, the various
synthesis mechanisms, their advantages and drawbacks and also
the future in the current bio-butanol industry on the global
scenario.
Table 1
Characteristics of butanol compared to ethanol [72].

Characteristic Ethanol Butanol

Formula C2H5OH C4H9OH
Boiling point (�C) 78 118
Energy density (MJ Kg�1) 26.9 33.1
Air fuel ratio 9.0 11.2
Research octane number 129 96
Motor octane number 102 78
Heat of vaporization (MJ Kg�1) 0.92 0.43
2. History of bio-butanol production from biomass

The acetone butanol ethanol (ABE) fermentation was discov-
ered by a French Microbiologist known as Louis Pasteur in 1861.
Restoring of research in butanol became alive again as large
quantities of acetone were demanded in World War I when [20]
filed a patent for the process which was tested in the United
Kingdom (UK). However, there was a need for an organism that
could increase acetone production. Strange and Chaim Weizmann
succeeded in isolating Clostridium acetobutylicumin from a garden
soil for ABE fermentation that could produce large amounts of
acetone [21].

During World War I, it was important to produce high
quantities of acetone yield since in Britain it was used as an
essential chemical for the production of cordite that was used as an
alternative to gunpowder during World War I. With the increasing
demand for butanol after the war, the first large-scale industrial
plants were created in Canada and USA. After 1936 a number of
ABE production industries were established in Soviet Union, Japan,
China, South Africa, and Egypt. By 1945, during the start of the
Second World War, Japan commenced the production of butanol
from sugar plants mainly as fuel for airplanes [22].

In the 1950s, a petrochemical route for n-butanol production
emerged. The process was mostly based on aldol condensation of
acetaldehydes, followed later by dehydration and then hydrogena-
tion of crotonaldehyde. With this fast-growing industrial discovery
also known as the Oxo synthesis, the fermentation processes were
abandoned [23]. For example, by the 1960s, most of the industrial
ABE fermentation facilities were closed due to cheap oil prices that
favored the chemical production route. The last factory was closed
in 1986 in South Africa. The chemical route did not last for a long
time until rise in crude oil prices when industrial ABE fermentation
facilities started to emerge again in China and Brazil. To date, many
plants have been established in several locations globally including
the USA, Slovakia, France and UK where bio-butanol is produced
for use a fuel.

The n-butanol (as biofuel) application was demonstrated by
running an old Buick on pure n-butanol in the year 2005. The
reported fuel consumption increase was 9% higher than traditional
petrol [24]. Regardless of the increase, emissions of carbon
monoxide (CO), hydrocarbons, and nitrogen oxides (NOx) were
substantially reduced; due to the positive characteristic effects
that butanol has on the environment. This trend is regarded as a
positive impact towards the environment. This resulted the Fuel
Butyl Company to increase the capacity to produce 10 L of
n-butanol per 25 kg of maize. A year after 2005, two major global
players, BP and DuPont, also announced plans for manufacturing
plants to produce n-butanol through fermentation process. The
first new commercial plant was built by BP in Saltend (UK) with a
capacity to produce 420 million L of n-butanol through fermenta-
tion [24,62].

3. Bio-chemical production route

The most attractive routes for production of bio-butanol are
through fermentation of sugar [25] glycerol [26] or lignocellulose
[27] feedstock in the presence of different micro-organisms from
the Clostridiaceae family. Acetone–butanol–ethanol (ABE) fermen-
tation has many benefits since it largely depends on the availability
of inexpensive and abundant raw materials. Bio-butanol fermen-
tation from biodiesel derived glycerol is also considered as an
alternative route, since it uses waste products from biodiesel
production. The renewed interest of butanol production has not
only highlighted its use as a chemical, but also as an alternative
biofuel, due to a rise in oil prices [28,3].
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3.1. Metabolic pathway-ABE fermentation

The metabolic pathway utilizes glucose derived from the
hydrolysis of carbohydrates (Fig. 1, step 1) that is broken down by
amylase enzyme to form fatty acids, and solvents by C.
acetobutylicum via anaerobic fermentation [22,29]. The mecha-
nism of ABE has been elucidated, carbon from carbohydrates in
form of pentose and hexose sugars (mono-, di- tri-, and
polysaccharides) are metabolized via the Embden–Meyerhof
pathway (Step 2) to pyruvate. The degradation of 1 mole of sugar
leads up to 2 moles pyruvate with a net formation of 2 moles of
adenosine triphosphate (ATP) and 2 moles of nicotinamide adenine
dinucleotide (NADH).

Pyruvate is further converted to acetyl-CoA and Carbon dioxide
(CO2) (Fig. 1, step 3). Thereafter, step 4 shows acetyl CoA being
converted to other intermediates (acetaldehyde, butyraldehyde)
which ultimately lead to oxidized products (acetone, acetate), and/
reduced products such as butanol and ethanol. The first occurrence
of intermediates and acid formation is known as acidogenesis, and
this occurs under specific growth conditions, such as pH values
>5 and iron limitation. Therefore, ATP is continuously generated
during this process [5].

During the accumulations of organic acids (Acidogenesis), the
culture pH reduces, due to the metabolic switch of C. acetobuty-
licum from acidogenesis to solvontogenesis [1,24]. Organic acids
are utilized for the formation of solvents (Solvontogenesis). The
second phase of ABE fermentation is solventogenesis, a stage
during which acids are re-assimilated to produce acetone, butanol,
ethanol, acetic acid, butyric acid, hydrogen, and carbon dioxide as
the main products. This stage of fermentation occurs frequently in
various bacterial strains of Clostridia species utilizing a wide range
of carbon sources such as starch. An abundant and cheaper
feedstock investigated and identified as alternative substrates for
butanol production via ABE fermentation is lignocellulosic
biomass, which includes agricultural residues namely maize fiber,
wheat straw and switchgrass [30,73,74].

Acetate and butyrate are assimilated to their corresponding CoA
derivatives catalyzed by the acetoacetyl-CoA:acyl-CoA transferase,
with acetoacetyl-CoA as the CoA donor. The utilization of acetate
and butyrate occurs via the acetoacetyl-CoA:acetate/butyrate:CoA
Figure 1. Biochemical pathway
transferase (CoAT) pathway with the formation of acetone.
Butyryl-CoA converts to butaraldehydes, and finally to ethanol
and butanol. Meanwhile, acotoacetyl-CoA converts to acetone and
acetaldehydes to ethanol [31,32,74].

3.2. Typical feedstock for butanol production

Bio-butanol is usually produced from food crop biomass which
are first generation feedstock,nevertheless second generation
feedstock which are not considered for human consumption are
preferred. Second generation feedstock are desired in ABE
fermentation due to the fact that they are non-food and do not
compete for land use. Therefore, these new methods that can make
use of a greater proportion of plant material are considered to have
long-term economic advantages. Research is also currently in
progress for third generation feedstock, but not much literature
has been found on the third generation feedstock.

Bio-butanol can be produced by a variety of different micro-
organisms from the Clostridiaceae bacterial family. Clostridia are
well-known to produce several products which cannot be achieved
by use of chemical synthesis [33]. Clostridia are rod-shaped, spore-
forming gram-positive bacteria and very strict anaerobes. The yield
of butanol varies, depending on the type of biomass and bacteria
used, and different parameters are relevant. The forthcoming
section shows a summary and understanding of literature that has
been previously found on butanol production by different
clostridium species and biomass, thereof.

3.2.1. First generation bio-butanol
First-generation bio-butanol requires a relatively simple

process to be produced mostly afforded by fermentation of mostly
hexose sugars. These sugars are derived through hydrolysis of
starch-rich crops such as maize, wheat, rice and cassava. Prior to
use, the raw materials (grains) are usually hydrolysed into
dextrose, which can be subsequently bio-converted into glucose
using glucoamylase enzyme. Several researchers have demon-
strated that first generation butanol production can be achieved at
significantly high yields. Table 2 shows the literature associated
with different types of feedstock for first generation bio-butanol,
the various micro-organisms used and their product yields.
 of ABE fermentation [24].



Table 2
Examples of first generation biomass used in butanol fermentation.

First generation feedstock Fermentation conditions
(T �C and pH)

Clostridium species Yields Productivity (g L�1 h�1) Product distribution Reference

g L�1 g g�1

Cassava starch 37 and 5 C.beijerincki
tyrobutyricum

6.66 0.18 0.96 Butanol [34]

Glucose 37 and over 4 C.acetobutylicum CICC 8012 0.13 Butanol [25]
Cassava flour 37 and pH controlled C.acetobutylicum DP 217 574.3 0.76 ABE [35]
Oil palm sap 37 and 6 C.acetobutylicum DSM 1731 14.4 0.35 Butanol [36]
Maize meal 37 and 6 C. beijerinckii, BA101 26 Acetone and Butanol [33]
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Li et al. [34], investigated co-cultures of Clostridium beijerinckii
and Clostridium tyrobutyricum to enhance butanol production
yield. The experiments were conducted using glucose, cassava
starch, or cane molasses. Fibrous-bed bioreactor (FBB) was used for
immobilized fermentation. According to the findings of the study,
two-strain co-culture for butanol production yields and volumetric
productivity that increased compared to using a single culture. The
reported butanol production was 6.66 g L�1, yield and productivity
0.18 g g�1 and 0.96 g L�1 h�1, respectively, when using cassava as a
starting material. Acetone–butanol–ethanol (ABE) yield of 0.36 g
g�1 was produced. The study confirms that co-culture fermenta-
tion could enhance butanol productivity.

According to [25], glucose as a starting material produced 0.14
and 0.13 g L�1 h�1 butanol using Clostridium acetobutylicum strain
CICC 8012. Fermentation was monitored under slight pressure on a
continuous and closed-circulating fermentation (CCCF) system.
Fermentation conditions were 37 �C, and the pH value was
adjusted to over 4. As fermentation proceeded, glucose concentra-
tion was maintained at about of 30 g L�1 by adding it every 2 h of
fermentation. The study indicated that pressures have no effect on
Clostridium acetobutylicum strain CICC 8012 performance during
fermentation.

Production of acetone–butanol–ethanol (ABE) from cassava was
investigated by [35]. Fermentation was done using pervaporation
(PV) coupled process. ABE products were in situ removed from
fermentation broth to alleviate the toxicity of solvent to the
Clostridium acetobutylicum DP217. Compared to the batch fermen-
tation without PV, glucose consumption rate and solvent
productivity increased by 15% and 21%, respectively, in batch
fermentation–PV coupled process, while in continuous
fermentation–PV coupled process running for 304 h, the substrate
consumption rate, solvent productivity and yield increased by 58%,
81% and 15%, reaching 2.02 g L�1 h�1, 0.76 g L�1 h�1, and 0.38 g g�1,
respectively. After phase separation, a final product containing
574.3 g L�1 ABE with 501.1 g/L butanol was obtained. Therefore, the
results from the study proved that fermentation–PV coupled
process has the potential to decrease the cost in ABE production.

Komonkiat et al. [36], conducted a study using a sap of palm oil
to produce biobutanol. The findings gave an indication that palm
oil could be used as a feedstock as it was effective for high butanol
Table 3
Examples of second generation biomass used in butanol fermentation.

Fermentation
conditions (T�C and pH)

Clostridium species 

Barley liquor silage 37 and 6.5 C. acetobutylicum DSM 1731 

Glycerol 37 and over 6.5 C. acetobutylicum KF 158795 

Rice straw 37 and 6.7 C. sporogenes BE01 

Oil palm trunk fiber 37 and 6 C. beijerinckii TISTR 1461 

Crude cellulose 37 and 6.7 C. acetobutylicum DP 217 

Spoilage palm fruits 30 and 6 C. acetobutylicum ATCC 824 and
Bacillus subtilis DSM 4451
yield without any nutrient supplementation. An amount of
14.4 g L�1 butanol was obtained from the sap which contained
sugar concentration of 50 g L�1 with butanol yield of 0.35 g g�1.

Ezeji et al. [33], tested liquefied maize meal for acetone–butanol
production. Fermentation was done using hyper amylolytic C.
beijerinckii BA101. C. beijerinckii has the ability to utilize starch and
accumulate higher butanol concentrations of 17–21 g L�1 in the
medium. Batch fermentation was used, and solvent (acetone and
butanol) recovery of 26 g L�1 was obtained. The results show that
maize meal is an effected starch biomass to yield butanol using a
batch scale in the presence of C. beijerinckii BA101.

3.2.2. Second generation bio-butanol
Biofuels from different agricultural residues and part of the

plant biomass are often termed second generation because the
fuels are derived from feedstock that are non-edible residues of
food crop production or non-edible plant biomass (e.g. grasses,
trees and energy crops). The main advantage of the production of
second-generation biofuels is that there is no competition with
food-feed chain and their availability is diverse. Lignocellulosic
materials are associated with low cost, sufficiently abundance and
usually generate low net greenhouse emissions, thus must be ideal
precursors to produce biofuels. Second generation liquid biofuels
are generally produced by two fundamentally different approaches
i.e. biological or thermochemical processing, due to their structural
complexity. Table 3 reveals literature on some of different second
generation biomass that is currently used to produce butanol, and
the corresponding clostridium bacteria strains.

Several research attempts have been developed to utilize
second generation biomass with appropriate fermenting bacteria
to yield higher butanol. Studies developed a C. acetobutylicum
strain that can directly utilize cellulose as feedstock [3,32]. There is
evidence that C. acetobutylicum ATCC 824 contains a cellulosome,
that is, a cellulose-degrading multi-enzyme complex consisting of
several catalytic components surrounding a scaffold protein. In an
effort to make C. acetobutylicum utilize cellulose directly, the
cellulase gene from C. cellulovorans or the gene encoding the
scaffold protein from C. cellulolyticum and C. thermocellum were
introduced into C. acetobutylicum [32].
Yields Productivity (g L�1 h�1) Product distribution References

g L�1 g g�1

9.0 ABE [27]
13.57 Butanol [26]
5.52 Butanol [37]
10 0.41 Butanol [36]

0.33 Butanol [38]
21.56 0.42 0.30 ABE [39]
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Although the gene has been identified, more studies still need
to be done for the characterization of the existing cellulase gene
cluster in C. acetobutylicum before further metabolic engineering.
As a result this will further increase feasibility of lignocellulosic
material usage compared to first generation biofuels. The
production of second-generation biofuel requires most sophisti-
cated processing production equipment, more investment per unit
of production and larger-scale facilities. To achieve the potential
energy and economic outcome of second-generation biofuels,
further research, development and application are required on
feedstock production and conversion technologies. The future
production of ethanol is expected to include both the use of
traditional grain/sugar crops and lignocellulosic biomass feedstock
[26].

Various studies have been conducted using different second
generation feedstock. Batch fermentations of barley silage liquor
which were supplemented with gelatinised barley grain, the
results produced good fermentability butanol yields of 0.20,
0.17 and ABE yields of 0.28, 0.26 g g�1 monosaccharide were
obtained [27]. The study showed that starch in silage could be a
possible replacement of media components that provide the
nutrients for butanol fermentation.

Trunk fiber was utilised as one of the second generation
feedstock types [36]. The feedstock was firstly, hydrolysed to
fermentable sugars prior to fermentation. A number of clostridia
strains were screened, and Clostridium beijerinckii TISTR was the
most suitable organism for utilizing sugars from hydrolysed trunk
fiber with highest amount of 10 g L�1 butanol concentration and
butanol yield of 0.41 g g�1. The results presented herein suggest
that oil palm trunk is a promising renewable substrate for bio-
butanol. A study conducted by [40] showed that sweet sorghum
bagasse (SSB) hydrolysate, produced 12.3 � 0.1 g L�1 butanol. The
results were only obtained after pervaporation membrane was
used for sweet sorghum bagasse detoxification.

Gottumukkala et al. [37] used an acid hydrolysed rice straw for
bio-butanol production. Clostridium sporogenes BE01 was used a
fermenting bacterium. This strain gave a butanol yield of 3.43 g L�1

and a total solvent yield of 5.32 g L�1. After the conditions of ABE
fermentation enhanced, biobutanol reached 5.52 g/L. The study
also showed biomass potential on bio-butanol production.

Yadav et al. [26] used glycerol as feedstock for bio-butanol
production. Twenty anaerobic bacteria were screed for biomass
conversion. Among the twenty, Clostridium acetobutylicum
KF158795 was found to be the most effective bacterium in
producing bio-butanol. Results showed that the strain was able to
utilize glycerol as a sole carbon source to produce 1.4 g/L of butanol.
After optimization, production increased to 13.57 g L�1 of butanol.
[38] also conducted research on crude cellulose as a starting
material for bio-butanol production using Clostridium acetobuty-
licum. The findings were 0.33 g g�1 butanol yield. Various
researchers have shown the use of Clostridium acetobutylicum as
a suitable strain for bio-butanol production, and the study also
supports the literature.

Spoilage date palm fruits were used as substrate for ABE
production by mixed culture of Clostridium acetobutylicum ATCC
824 and Bacillus subtilis DSM 4451. B. The total ABE production of
21.56 g L�1 was achieved from the date fruits. The productivity and
yield obtained was 0.30 g.L�1 h�1 0.42 g g�1, respectively [39].

Marchal et al. [41] used maize cobs to produce an ABE yield of
0.96 g L�1 h�1 in a 48 m3 reactor. Fed-batch and continuous
fermentation techniques have been developed in addition to
conventional batch fermentation to utilize concentrated substrates
and eliminate downtime, thereby reducing the reactor size and
capital cost with enhanced reactor productivity. Cell immobiliza-
tion with bone char, brick, and cotton towels as supporting
materials has also been applied in ABE fermentation to achieve
high cell density and reactor productivity

Khanna et al. [17b] used biodiesel derived crude glycerol as a
feedstock to produce n-butanol with a maximum yield of
5 g L�1 h�1 butanol via an anaerobic fermentation pathway, using
immobilized Clostridium pasteurianum cells. This was the first
report to apply immobilized cells to convert glycerol to butanol. A
mutant strain of C. pasteurianum which can tolerate high
concentrations of crude glycerol was developed and reported a
maximum glycerol utilization rate of 7.59 g L�1 h�1 and a butanol
productivity of 1.80 g L�1 h�1.

With the detailed literature reports on first and second
generation bio-butanol and stringent food regulations, there are
still drawbacks associated with the feedstock. This is ascribed to
demand of large space for cultivation, processing and storing of
second generation during harvest season can be a challenge.
However, the disadvantages can be overcome by third generation
biomass as an alternative resource for bio-butanol which can
produce large quantity of biomass on much smaller areas.

3.2.3. Third generation bio-butanol
Algae has increasingly became one of the promising feedstock,

arising from its vast availability. It is catagorised as a third
generation feedstock. A few reports on bio-butanol production
from algae. Reason for this, most species have high oil content of
approximately 50% [63], and that makes it suitable for biodiesel
production. The remaining green waste which left after oil
extraction can be further used for the production of bio-butanol.
The two distinct types of algae is microalgae and macroalgae.
Microalgae is made of unicellular organisms which are classified as
microscopic. The latter, contains multiple cells with a structure like
a plant with roots, stems and leaves. They are categorized into i.e.
red, green and brown, depending on their pigmentation. The
specific characteristics of macroalgae are; lower protein and lipid
content, but higher carbohydrates content compared to microalgae
[64]. Most research reports [65–68] have mainly focused on
microalgae over macro-algae, e.g. seaweed [63,69].

Castro et al. [65], first optimized acid hydrolysis of mixed
microalgae for sugar release. The sugars were subsequently
fermented to produce acetone, butanol, and ethanol (ABE) by
Clostridium saccharoperbutylacetonicum N1-4. The findings provid-
ed an optimal sugar yield of 166.1 g kg of dry algae, with
concentrations of 3.74 g/L butanol. [70], also conducted acetone,
butanol, and ethanol (ABE) fermentation by C. saccharoperbutyla-
cetonicum N1-4 using wastewater algae. The higher ABE yield of
0.311 g g�1 and volumetric productivity of 0.102 g L�1 h�1 were
obtained when enzyme supplementation on the biomass was
done. It was concluded that the use of wastewater algae to produce
industrial solvents which are of high value could have substantial
implications in terms of economic use. The study showed that the
use of organic waste is an alternative method of utilizing almost
100% of the biomass. The additional [66] conducted research on the
use of microalgae biodiesel residues using C. acetobutylicum
produced 3.86 g/L of butanol with the yield of 0.13 g/g-carbohy-
drate during ABE fermentation. This observation confirmed that
bio-butanol production from microalgae biodiesel residues is
attainable. However, advance research on fermentation
approaches are required to improve bio-butanol yield.

Van der Wal et al. [67], conducted research on the application of
potential green seaweed Ulva lactuca for the production of acetone,
ethanol and ethanol. Two clostridium species were used i.e. C.
acetobutylicum and C. beijerinckii. According to the findings, C.
beijerinckii was the organism capable of producing ABE of
0.35 g g�1 while C. acetobutylicum produced mainly organic acids
(acetic and butyric acids). These results demonstrate the great
potential use of U. lactuca as feedstock for fermentation. On the
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other hand, [69], reported potential feedstocks to produce bio-
butanol from a macroalgae. They found that it can produce
approximately 4 g L�1 butanol by C. beijerinckii and C. saccha-
roperbutylacetonicum, with C. beijerinckii being the highest butanol
producing organism.

The topic of algal conversion to bio-butanol is not new,
thorough research has not been done on the different algal
feedstock. Table 4, ascertains the different feedstock (micro algae
and macroalgae) for bio-butanol production, conditions used, and
the amounts produced thereof.

This section reveals a number of studies which have been
conducted on different biomass and Clostridium species for bio-
butanol production. The results reported are showing different
bio-butanol yields. Therefore, diversity on bio-butanol production
has been shown. However, there are still setbacks on technology
discoveries, and inhibitions on optimization of the existing bio-
butanol production process (fermentation).

3.3. Inhibitions and other problems associated with ABE fermentation

Although a number of feedstock and microorganisms have
successfully been utilized to produce bio-butanol, there are
numerous drawbacks associated with ABE fermentation which
hinders it to compete economically with petrochemical synthesis.
Some of the identified limitations of the ABE based on the process
aspect are as follows:

1. Low final butanol concentration (<20 g L�1) caused by inhibi-
tion during fermentation,

2. Low yield of butanol due to hetero-fermentation (0.28–0.33 g
g�1),

3. High cost of butanol recovery from low-concentration yields
[31].

Not only is inhibition a major challenge for the ABE fermenta-
tion, research has also shown that lack of feedstock biomass
alternatives is widespread. Current ABE fermentation depends on
very expensive feedstock and efforts must be directed towards
decreasing substrate costs and several other drawbacks. Rational
approaches and advanced knowledge necessary for the effective
strategies to limit the inhibitors whilst improving the yields of the
products of ABE fermentation are needed.

4. Chemical synthesis of n-butanol from ethanol

As the interests in bio-butanol keeps on growing, there is also a
rising attention on the use of chemical routes to produce n-
butanol. Since the use of fermentation still faces significant
technical and economic challenges such as finding efficient
microorganisms to convert fermentable sugars to bio-butanol,
therefore it is still mandatory to find other alternate routes. On the
other hand, the chemical route usually involves simple step in the
presence of catalysts which are employed to achieve suitable
Table 4
Examples of third generation biomass used in butanol fermentation.

Fermentation
conditions
(T �C and pH)

Clostridium species 

Mixed microalgae 35 and 6.5 C. Saccharoperbutylacetonicum N
Wastewater algae 35 and over 6.5 C. Saccharoperbutylacetonicum N
Micro algae biodiesel residues 37 and 6 C. acetobutylicum ATCC 824 

Green seaweed (Ulva lactuca) 37 and 6.0–6.4 C. beijerinckii NCIMB 8052 

Macroalgae 37 and 6 C. beijerinckii ATCC 35702 
ethanol conversion into n-butanol at relatively higher yield and
conversions. The primary advantage of chemical route is that only
one-step is required for producing n-butanol from ethanol,
whereas bio-chemical route may involve several steps. Chemical
processes for n-butanol are wide-spread and have been well
documented [42,23].

4.1. Reaction mechanism of n-butanol formation from ethanol

There are three consecutive reactions associated with the
conversion of n-butanol from ethanol. The first liquid phase
reaction is the dehydrogenation of ethanol to form acetaldehydes
[43], followed by aldol condensation of acetaldehyde [44] and then
hydrogenation to n-butanol (see Fig. 2). Ndou et al. [45] and Ueda
et al. [46] proposed a mechanism for the gas phase reaction of
ethanol over a zeolite catalyst to synthesize butanol. According to
[23] gas phase reaction does not involve the formation of
intermediates such as acetaldehydes and crotonaldehydes. To
date, few reports are made on the gas phase reaction formation of
n-butanol and the reaction mechanism. Ethanol to n-butanol
conversion is an important industrial process which has been used
to increase the carbon number of alcohols by coupling two
molecules. Aldol condensation was first studied by Marcel Guerbet
in the 1890s, and it is widely known as Guebert reaction [23].
Although this method is rarely utilized nowadays, it may again
become significant in the future [71].

4.1.1. Dehydrogenation
Dehydrogenation of ethanol allows the removal of hydrogen in

a chemical reaction. In this instance, ethanol is mostly used to
synthesize ethyl acetate and acetaldehydes. [43] demonstrated
that dehydrogenation is of outmost importance in industrial
process to produce fine chemicals, petrochemicals, and oleochem-
icals. In Scheme 1, the first step (labelled as step 1) presents
dehydrogenation of a molecule and followed by Adol condensation
in the presence heterogeneous catalysts to produce a desired
product [47].

4.1.2. Aldol condensation
Juben et al. [44] described aldol condensation as well-known

phenomenon used to produce a b-hydroxyaldehyde or b-hydrox-
yketone. This occurs in an organic reaction containing enol or an
enolate ion that reacts with a carbonyl compound and followed by
dehydration to give a desired product. Aldol condensation is one of
the important organic synthesis method with advantage to form
carbon–carbon bonds. Guerbet reaction is one of aldol condensa-
tion types, whereby an in-situ aldehyde is formed from an alcohol
and then self-condenses to the dimerized alcohol [48].

4.1.3. Hydrogenation
The subsequent step after aldol-condensation is hydrogenation

of aldol-adducts to increase their solubility in the aqueous phase.
In addition, selective hydrogenation of the furan ring in HMF and
Yields Productivity (g L�1 h�1) Product distribution References

g L�1 g g�1

1-4 3.74 Butanol [65]
1-4 9.74 0.311 0.102 ABE [70]

0.13 Butanol [66]
0.35 ABE [67]

4 Butanol [69]



Figure 2. The reaction mechanism for production of n-butanol from ethanol in a liquid phase [42].
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furfural can lead to additional carbonyl-containing compounds
that can undergo aldol self-condensation to form heavier alkanes.
Thermodynamic considerations favor hydrogenation of the C¼C
bond over the C¼O bond for hydrogenation reactions involving
unsaturated aldehydes Reaction kinetics considerations also
favour hydrogenation of the C¼C bond over the C¼O bond for
small molecules. Whereas steric constraints for larger molecules
decrease the rates for hydrogenation of C¼C bonds. Accordingly,
the C¼C bonds of furfural are less reactive than the C¼O bond,
probably due to steric effects, making the production of
tetrahydrofurfural (THF2A) by hydrogenation of furfural difficult
[44].

The chemical approach is improving by the ongoing research to
develop appropriate catalyst, or pair of catalysts, for the hydro-
formylation of alkenes to form aldehydes and the subsequent
hydrogenation of the aldehydes to produce alcohols [49].

4.2. Catalysts used for n-butanol synthesis

Several researchers, to name few [50–52] have devoted their
work on a quest to discovering suitable catalysts which would be
able to produce high yields of n-butanol (see Table 5). These new
technologies are compared to that of existing biological technolo-
gies in order to understand the two approaches. Table 5 presents
several catalysts which have been previously used to produce n-
butanol with ethanol as a feedstock.

Researches have been conducted on the direct conversion of
ethanol to n-butanol. Different findings have been observed with
different suitable conditions of the catalytic reaction. [50] studied
Mg and Al mixed oxides for the conversion of ethanol to n-butanol.
The results showed butanol selectivity over 20%. The results proved
that Mg and Al can be used as a suitable combination for butanol
production. However the findings were not as promising as the
other studies conducted by other researchers. [52] used ZrO2-
supported Cu catalysts with different Cu content (5–30 wt%). The
final observations of the study provided the highest selectivity
with Cu content �10%. [53] studied direct catalytic one-pot
valorization of bio-ethanol to 1-butanol over different alumina
supported catalyst. n-butanol selectivity was found to be 80%.
Table 5
Examples of few catalysts and conditions studied in the literature.

Catalyst loading Catalytic 

mg wt%

Mg and Al mixed oxides 300 500 

ZrO2-supported Cu 500 300 

Ni/Al2O3 10–50 250 

Hydroxyapatite 350–450 

Na to ZrO2 1 340–400 

Ni/C-alumina 3000–3500 250 

Co2+ + / Ca2+

hydroxyapatite
1.35 120–240 

MgO 500 450 
Scalbert et al. [54] investigated a commercial hydroxyapatite
catalyst, and 50% selectivity of butanol was formed. Kozlowski et al.
[55] studied the influence of adding sodium to zirconia on the acid-
base properties of the surface and on the catalytic conversion of
ethanol. According to the study, an overall selectivity of ethanol to
butanol was improved when using 1.0 wt% Na/ZrO2. [56]
performed a continuous process of ethano to butanol conversion.
Approximately 62% -butanol selectivity was found. [57] used a
series of exchanged cobalt/calcium (Co2+ + /Ca2+). According to
[45], modified MgO was able to convert ethanol into 1-butanol.

Hydroxapatite based catalysts have been proven to show high
selectivity towards n-butanol, but suffer from deactivation by high
molecular weight by-products that form during the reaction. Metal
oxide based catalysts deactivates slower, but suffer from low
selectivity. [58] showed that magnesium (Mg) and aluminum (Al)
mixed oxides catalysts with a high sensitivity of strong basic sites
are the most selective to n-butanol. The same authors also
observed a very high selectivity to ethylene, which is associated
with the presence of acid sites on the surface of these mixed oxides.
[59] also verified that the selectivity to n-butanol increases when
the density of strong basic sites increases as was observed when
Cu–Mg–Al-based catalysts were used. It was concluded that the
formation of n-butanol requires both basic and acid sites.
According to some researchers [50], a specific surface atomic
arrangement composed of two acid sites and one basic site is
needed in order to adsorb the acetaldehyde molecules during the
aldol condensation step.The use of various heterogeneous catalysts
for ethanol conversion to n-butanol has been extensively
researched by the aforementioned studies. However, the studies
are limited to the evaluation of catalyst performance, and they give
less information on the use of these catalysts at a commercial scale.
In developing countries such as South Africa, butanol production
has not been well documented. It is necessary to evaluate all the
possible technologies which can aid in fuel production to boost the
country's economy. This will also allow the comparison of different
processes and their impacts on the entire production process,
which would be much harder to achieve in an experimental scale.
test temperature (�C) n-Butanol selectivity (%) References

>20 [50]
�10 [52]
80 [53]
50 [54]
– [55]
62 [56]
– [57]

– [44]
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5. Concluding remarks

5.1. Bio-chemical derived butanol

Bio-butanol has the potential to provide a new generation
energy that can offer many attractive features for transportation
fuel. However, the acetone butanol ethanol (ABE) fermentation
process has a number of limitations. This makes it easier for other
processes such aldol condensation which has been discussed in the
current literature to take the lead as one of the promising
technologies. Currently researchers are undertaking various
studies on the development of butanol fermentation, such as
Clostridium genetic manipulation and feedstock investigation
which can lower fermentation constraints. Lignocellulose feed-
stock is one of the cheaper biomass that is being currently studied,
and has been reported as a sugar source for fermentation of ABE. In
the current paper, a promising approach after ABE fermentation for
butanol production has been discussed.

5.2. Chemical derived butanol

Chemical butanol production research mainly from ethanol as
a substrate has been conducted. The process has been known for
over a century, but it was not studied extensively. However, due to
renewed interest of biofuels, many researchers are investigating
potential catalysts which can lead to higher butanol selectivity.
The process only involves the addition of the catalyst to
hydroformulation to form a high carbon atom alcohol (butanol).
Many reports regard the process more advantageous than ABE
fermentation as it takes lesser time than the ABE process.

Overall, butanol offers a great promise as petrol substitute. The
primary reason is that butanol is a pure alcohol with longer
hydrocarbon chain, making it nonpolar, with an energy content
similar to that of petrol and, hence, can be directly used as fuel in
existing internal combustion engines by either blending or using it
in pure form. Therefore, with all the literature key points stressed
in this paper, showing the sustainability of considering bio-butanol
as a fuel, it is vital to use this type of fuel in the near future
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