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Abstract
Biofuels production and utilisation can reduce the emission of greenhouse gases, dependence
on fossil fuels and also improve energy security. Ethanol is the most important biofuel in the
transportation sector; however, its production from lignocelluloses faces some challenges.
Conventionally, lignocellulosic hydrolysis and fermentation has mostly been performed by
separate hydrolysis and fermentation (SHF) or simultaneous saccharification and fermentation
(SSF). SHF results in product inhibition during enzymatic hydrolysis and increased
contamination risk. During SSF, suboptimal conditions are used and the fermenting organism
cannot be reused. Bacterial contamination is another major concern in ethanol production,
which usually results in low ethanol yield.
In these studies, the above-mentioned challenges have been addressed. A novel method for
lignocellulosic ethanol production ‘Simultaneous saccharification filtration and fermentation
(SSFF)’ was developed. It circumvents the disadvantages of SSF and SHF; specifically, it
uses a membrane for filtration and allows both the hydrolysis and fermentation to be carried
out at different optimum conditions. SSFF also offers the possibility of cell reuse for several
cultivations. The method was initially applied to pretreated spruce, with a flocculating strain
of yeast Saccharomyces cerevisiae. SSFF was further developed and applied to pretreated
wheat straw, a xylose rich lignocellulosic material, using encapsulated xylose fermenting
strain of S. cerevisiae. High solids loading of 12% suspended solids (SS) was used to combat
bacterial contamination and improve ethanol yield. Oil palm empty fruit bunch (OPEFB) was
pretreated with fungal and phosphoric acid in order to improve its ethanol yield. An
evaluation of biofuel production in Nigeria was also carried out.
SSFF resulted in ethanol yield of 85% of the theoretical yield from pretreated spruce with the
flocculating strain. Combination of SSFF with encapsulated xylose fermenting strain
facilitated simultaneous glucose and xylose utilisation when applied to pretreated wheat
straw; this resulted in complete glucose consumption and 80% xylose utilisation and
consequently, 90% ethanol yield of the theoretical level. High solids loading of 12% SS of
pretreated birch resulted in 47.2 g/L ethanol concentration and kept bacterial infection under
control; only 2.9 g/L of lactic acid was produced at the end of fermentation, which lasted for
160 h while high lactic acid concentrations of 42.6 g/L and 35.5 g/L were produced from 10%
SS and 8% SS, respectively. Phosphoric acid pretreatment as well as combination of fungal
and phosphoric pretreatment improved the ethanol yield of raw OPEFB from 15% to 89% and
63% of the theoretical value, respectively.
In conclusion, these studies show that SSFF can potentially replace the conventional methods
of lignocellulosic ethanol production and that high solids loading can be used to suppress
bacterial infections during ethanol productions, as well as that phosphoric acid pretreatment
can improve ethanol yield from lignocellulosic biomass.

Keywords: Biofuel, Ethanol, Membrane bioreactors, High solids loading, Lignocellulose,
Nigeria, Pretreatment, SSFF, Saccharomyces cerevisiae
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CHAPTER 1
INTRODUCTION
The growing global energy demand due to increasing human population and urbanisation, the
alarming environmental concerns as well as the non-renewability of fossil fuels necessitate
the use of renewable forms of energy. In 2011, the European Commission set a target of
producing 20% of the total energy demand and particularly 10% of the transportation energy
demand from renewable resources by year 2020 [1]. Nowadays, commercially available
renewable fuels, commonly referred to as biofuels, include ethanol, biodiesel and biogas. This
thesis mainly focuses on ethanol, the most important biofuel in the transportation sector.
Ethanol can be used alone as a fuel or blended with gasoline, up to about 30% ethanol can be
blended with gasoline for use in the existing vehicle engines, while adaptatation of the
engines is needed for higher blends. It is an oxygenated fuel, which results in complete
combustion and cleaner exhaust; blending it with gasoline can improve air quality in highly
polluted urban areas [2].
At present, commercial ethanol is produced from corn, wheat, sugar cane or sugar beets,
generally referred to as first generation ethanol. However, these feedstocks could also be used
for the production of animal feed or human food. In addition, first generation ethanol
production results in higher emission of green house gases (GHG) than second generation
ethanol. Ethanol production from lignocelluloses such as wood, forest and agricultural
residues, commonly referred to as second generation ethanol, is considered more attractive.
The readily available feedstock, lack of competition with food and feed, as well as up to 86%
decreased emission of GHG from its wheel to well analysis are the major advantages of
second generation ethanol over first generation ethanol [3, 4].
However, the recalcitrant nature of lignocellulosic materials makes the second generation
ethanol more challenging. Pretreatment, hydrolysis, fermentation and distillation are
necessary steps, which make the whole process more complex. Conventionally,
lignocellulosic hydrolysis and fermentation is majorly processed by either separate hydrolysis
and fermentation (SHF) or simultaneous saccharification and fermentation (SSF) methods.
The SHF method is associated with challenges of end product inhibition and increased
contamination risk, while the SSF method is usually operated at suboptimal conditions and ell
1

reuse is not possible. Consequently, these limitations with these methods reduce the ethanol
yield. This thesis is about the development of simultaneous saccharification filtration and
fermentation (SSFF), a novel method, which circumvents the disadvantages of the
conventional methods of SSF and SHF. Another concern with ethanol production is bacterial
contamination, which also reduces the ethanol productivity; high solids loading of
lignocellulosic material was investigated in this thesis to overcome this challenge.

1.1

Aims of studies

The aims of the research studies presented in this thesis were to overcome some challenges
facing ethanol production from lignocelluloses and also evaluate the possibility of biofuel
production in Nigeria. These studies were divided into four parts:
a. Development and application of a novel method for hydrolysis and fermentation of
lignocellulosic materials, simultaneous saccharification filtration and fermentation
(SSFF) for broad range utilisation of lignocellulosic biomass (Papers I–II).
b. Minimisation of bacterial contamination during ethanol production with the use of high
solids loading (Paper III).
c. Improvement of ethanol yield from oil palm empty fruit bunch (OPEFB); an agricultural
residues from palm oil production, with biological and phosphoric acid pretreatments
(Paper IV).
d. Strategic evaluation of the potential of biofuel production in Nigeria (Paper V).

1.2

Outline of thesis

This thesis is divided into seven main chapters:


Chapter 1 introduces the thesis, explains the motivation and goals of the research.



Chapter 2 presents the environmental and energy challenges in Nigeria as well as the
potential of biofuels in alleviating these challenges (Paper VI).



Chapter 3 presents discussions on bioconversion of lignocellulosic materials for
ethanol production. Results on the effect of fungi and phosphoric acid pretreatment on
OPEFBs crystallinity, hydrolysis and fermentation as well application of high solids
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loading to combat bacterial infections during fermentations are presented (Papers III–
IV).


In Chapter 4, membrane bioreactors including their applications and challenges are
discussed. The results of membrane evaluation for lignocellulosic filtration are
presented (Paper I).



Description of the experimental methods as well as notes on cell retention strategies
are presented in Chapter 5 (Papers I–II).



Results of improved lignocellulosic ethanol production through SSFF are presented
and discussed in Chapter 6 (Papers I–II).



Concluding remarks and suggestions for future research are presented in Chapter 7.
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CHAPTER 2
POTENTIAL AND ASSESSMENT OF BIOFUELS PRODUCTION IN
NIGERIA
As a Nigerian PhD student in the Swedish Centre for Resource Recovery, University of Borås
Sweden, my intention is to transfer the knowledge gained during my studies on the concept of
resource recovery to the Nigerian society for realisation of sustainable development in the
nation. Resource recovery is a concept about recovery of value added products from waste
materials, thereby achieving a sustainable, clean and environmentally friendly society. This
motivation led to an evaluation in the beginning of my studies of the potential of production
of biofuels from huge and enormous waste streams present in the Nigerian society. It is
believed that this chapter will provide useful information for policymakers in Nigeria and
other developing countries of the World.

2.1

Energy and environmental challenges in Nigeria

Nigeria, a tropical country, is a major crude oil producer with the largest economy in Africa
[5]. It is also the most populous West African country [6]. Agriculture still remains the most
important sector regarding employment and accounts for 39% of GDP [7]. However, the
energy situation is of great concern. Presently, frequent power outages are experienced on
daily basis and about half of the population has no access to electricity [8], particularly in the
rural areas. An increasing population growth and urbanisation have resulted in pollution from
excessive traffic in large cities as well as continuous increase in waste generation without
efficient waste management. Common way for waste disposal is open burning in the
surroundings or dumping in the waste dumps. Consequently, several adverse effects such as
outbreaks of diseases and infections occur frequently in the nation.
The electricity demand in Nigeria is predicted to radically increase (Figure 1),
notwithstanding the present energy challenges; less than 4,000 MW is currently generated in
Nigeria [9]. Domestically, firewood is the dominant source of cooking fuel in Nigeria (Figure
2), to a large extent, this causes deforestation, net emission of CO2, indoor air pollution and
most importantly health-related issues such as: respiratory illnesses, cardiovascular diseases
5

and reduced birth weight [10]. About 1.6 million deaths are reported globally from indoor air
pollution, devastating mostly in developing countries such as Nigeria as a result of constant

Projected Electricity Demand in
Nigeria (MW)

exposure to smoke from firewood combustion [11, 12].
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Figure 1: Electricity demand per scenario in Nigeria. Reference projection is compared with the
optimistic demand projection. Adapted from Paper V.
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Figure 2: Source of cooking energy in Nigeria. Seventy per cent of the population cooks with
firewood, 27% with kerosene and 3% with other types of cooking fuel (Paper V).
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2.2.

Waste as a valuable resource: a Swedish perspective

In Sweden, waste is considered as a valuable resource from which value added products can
be produced; consequently, Sweden is on the path to becoming a zero waste society.
Continuous research on renewable energy, utilisation of the waste hierarchy: reduce, reuse
and recovery of energy from waste streams, through proper policies and legislations, have
contributed immensely to achievement of a good, clean as well as healthy living and working
environments in Sweden [13, 14].
Municipal and industrial wastes are sorted into different categories of organics or
compostable waste, combustible waste, papers, polymeric wastes, packaging, metals and
others accordingly. The combustible wastes are used in boilers for electricity generation and
district heating while metals, papers and polymeric wastes are recycled and used as raw
materials for new products. The organic or compostable fraction of the waste such as food
waste and sewage streams are used for biogas production through anaerobic digestion, while
composting is used in some municipalities [14]. Annual biogas production equivalent to 1.6
TWh of energy was reported in 2012 out of which 36% was used for heat and electricity
generation, while 53% was upgraded for use as vehicle fuel [15]. About 44,000 vehicles
including buses and cars run on biogas as a fuel. The digestates from the anaerobic digestion
process are in turn used as fertilizers, which promote good agricultural practices [15].
Agricultural waste, forest residues, and woody biomass are converted into ethanol in a
lignocellulosic ethanol demonstration plant SEKAB Örnsköldsvik Sweden. In Sweden, there
are several flexible fuel cars and vehicles that run on 85% ethanol blend with gasoline (E85),
and all the gasoline used in cars are blended with 5% ethanol (E5). More than 600 buses in
Stockholm, the capital city, run on ED95, which is 95% ethanol blend with 5% ignition
improver [16]. Meanwhile, most of the ethanol fuel is produced from first generation ethanol.
In Sweden, production and utilisation of biofuels from waste streams has contributed
immensely to reduction of green house gas emissions in the Swedish society; it has also
facilitated a safe and eco-friendly society and reduced the dependence on fossil fuels.
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2.3

Nigerian biofuel potential as a solution to energy and environmental challenges

Biofuel production in Nigeria from waste streams and agricultural residues could go a long
way in providing sustainable development. Empowerment of the agricultural sector, increased
food production, more employment opportunities, reduced dependence on fossil fuels, cleaner
and eco-friendly environment are some of the advantages that the Nigerian society can benefit
from biofuel production and utilisation.
Ethanol, being the most important biofuel in the transportation sector, can greatly contribute
to development in Nigeria. Blending of gasoline with ethanol is really needed in Nigeria in
order to improve the air quality, particularly in the cities. Considering the abundance of
feedstock for first generation ethanol such as cassava, sweet sorghum and sugarcane in
Nigeria, biofuel ethanol production was proposed in 2007, as well as cassa-kero, a cassavabased ethanol cooking fuel [17]. However, up to the end of the first half of 2014, there has
been no large-scale commercial fuel ethanol production in Nigeria (Paper V) due to unstable
policies and probably economic reasons.
Second generation biofuel ethanol seems promising for sustainable society even in Nigeria, if
properly implemented. Agricultural and forest residues such as oil palm empty fruit bunches
(OPEFB), maize and sorghum stalks, are potential feedstocks for second generation ethanol.
These are abundantly available; conventional means of disposal are open burning which
further creates environmental pollution. Currently, Nigeria produces 8 million tonnes of
OPEFB yearly. Based on its cellulose content of 39% (Paper IV), it means that about 2
million tonnes ethanol could have been produced yearly in Nigeria only from this particular
feedstock. The abundance of OPEFB, having no industrial application in Nigeria [18], makes
it a suitable feedstock for ethanol production. Together with other readily available feedstocks
mentioned above, Nigeria can conveniently produce the 10% ethanol blend with gasoline,
which would contribute to better air quality in the nation. OPEFB was examined for ethanol
production in these studies and the detailed discussion is presented in Chapter 3.
Biogas production from huge waste streams in the cities could be used partly for electricity
generation to solve the increasing electricity problem. A household digester [19] could be
implemented in Nigerian homes for domestic waste management, and at the same time
generate a cooking gas instead of the widespread use of firewood. Biogas potential of 6.8
million Nm3 per day could be produced from only the manure generated in poultry farms in
Nigeria [20], besides other potential production from municipal solid waste and sewage
8

streams. Utilisation of these wastes as resources could contribute to a cleaner environment
and provide energy security in Nigeria (Paper V).
Biodiesel can be produced from the waste streams of palm oil [21, 22], soy oil [23], other
vegetable oils as well as from the waste cooking oils [24-27]. In consideration of non-edible
oil seeds, Jatropha could be considered if a proper life cycle analysis is carried out on the
plant (Paper V).
Moreover, the public society in Nigeria needs proper orientation and awareness about
improper waste disposal, the benefits and advantages of recovering value added products
from waste streams should be communicated to the society as well. Resource recovery
concept could also be integrated to the higher education syllabus and more research funding is
necessary. Further collaborations with developed countries such as Sweden and establishment
of research laboratories in different parts of the nation for research on the bioconversion of
waste streams to value added products will benefit the society.
Conclusively, this evaluation motivates the production and implementation of biofuels, as
well as utilisation of waste streams to value added products in Nigeria. This has the potential
to solve the present energy as well as health and environmental challenges to a certain extent.
It can reduce the dependence on fossil fuels in Nigeria and promote energy security as well as
sustainable development. However, for successful biofuel production in Nigeria, there is need
for proper and sound economic evaluations, stable policies, pilot scale evaluations for the
huge investments and subsidies to be source of benefits for the Nigerian society. Availability
of land, access to water for processing, non-competition with food and feed are important
factors to be considered. Detailed information about the potential and evaluation of biofuel
production in Nigeria can be found in Paper V.
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CHAPTER 3
BIOCONVERSION OF LIGNOCELLULOSES TO ETHANOL

Bioethanol is a product of fermentation of monomeric sugars with ethanol producing
microorganisms such as yeasts. Chemical equations below show the theoretical glucose and
xylose conversion to ethanol, respectively:
C6H12O6 (glucose)

microorganisms

3C5H10O5 (xylose)

microorganisms

2C2H5OH (ethanol) + 2CO2
5C2H5OH (ethanol) + 5CO2

Presently, commercial production of bioethanol is from starch and sugar-based crops such as:
grains, sugarcane, molasses and sugar beet. This is commonly referred to as first generation
ethanol. The major first generation ethanol producing countries are United States and Brazil,
using grains and sugarcane, respectively. In 2013, the productions of these two countries
accounted for 83.5% of the global ethanol production [28]. However, concerns regarding the
future supply of non food or feed feedstocks have triggered about three decades worth of
research on the use of lignocelluloses for ethanol production, which is called second
generation ethanol. Its production from algae, as well as from captured carbon dioxide with
sunlight, has also been reported as third and fourth generation ethanol, respectively [29, 30].
The recalcitrant nature of lignocellulosic materials, high cost of cellulolytic enzymes, poor
biomass utilisation, complexity of the process are some of the challenges facing second
generation ethanol; hence, lignocellulosic ethanol is not yet economically feasible [31, 32].
Considering the promising advantages of second generation ethanol, it is evident that further
research is required for economic feasibility of the process.
Ethanol production from lignocelluloses is an interesting option. Lignocellulosic materials are
readily available, cheap and abundant; it accounts for about half of the world’s total biomass
with approximately 200×109 tonnes produced every year [33, 34]. The high carbohydrate
content of lignocelluloses (about 70%) makes it a suitable feedstock for ethanol and other
fermentation products [35, 36].
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Bioconversion of lignocellulosic materials to ethanol involves four basic steps: pretreatment,
hydrolysis, fermentation and distillation (Figure 3). Each of these steps has to be optimised in
order to improve the overall ethanol yield and productivity.

Lignocellulosic materials
Pretreatment / Hemicellulose
Fractionation

Enzymes

Enzymatic Hydrolysis
Membrane

SSFF

SSF

SHF

Yeast

Fermentation

Distillation / Purification

Ethanol

Figure 3: Schematic representation of the steps involved in ethanol production from
lignocellulosic materials. Red boxes indicate the different processes of hydrolysis and
fermentation.

3.1

Composition of lignocellulosic materials

Lignocellulosic materials are mostly composed of three polymers: cellulose, hemicellulose
and lignin in different proportions, depending on their source, age and type (Table 1).
Lignocelluloses structural organisation is shown in Figure 4. The polymers have different
characteristics, although they are interconnected with hydrogen bonds and covalent bonds.
12

About 70% of lignocelluses are carbohydrates in the form of cellulose and hemicellulose [37].
Further discussion on each of the polymers is presented in the following section.

Table 1: Typical percentage composition of commonly used lignocellulosic materials [32, 38],
(Papers I-IV).
Lignocelluses

Cellulose
(%)
30-50
40-75
30-47

Hemicellulose
(%)
25-40
10-40
35-50

Softwood, e.g. spruce and pine
Hardwood, e.g. birch and aspen
Agricultural residues,
e.g. wheat straw and OPEFB
*Total Lignin = Acid soluble lignin + Acid insoluble lignin.

*Total Lignin
(%)
25-35
15-25
15-35

Others
(%)
1.8
4.7
3.5

Figure 4: Lignocelluloses structural organisation. Lignin serves as a protective wall for the
cellulose and hemicellulose; cellulose is bound to the hemicellulose forming a recalcitrant
structure. Reprinted with permission [39].

Cellulose
Cellulose has always been referred to as the most abundant renewable polymer on earth [40].
It constitutes a major fraction of plant cell wall (Table 1). Cellulose is a polymer of glucose
13

units, which are liked together by β-1,4-glycosidic bonds; the degree of polymerisation is
about 14,000 glucose units [41, 42]. Individual glucose units have 180° rotation in connection
with the adjacent units. Cellobiose, which is a dimer of two glucose units, is the repeating unit
of cellulose. Several cellulose chains are bonded together with hydrogen bonds; the linearity
of the chains together with the hydrogen bonds creates extremely crystalline cellulose, which
is the dominant form, apart from the amorphous form of cellulose (Figure 4). The crystallinity
results in an inherent recalcitrant nature which limits enzymatic access to the bonds and
consequently a difficult to degrade material [32, 43, 44].
Hemicellulose
Contrary to cellulose, hemicelluloses are heterogeneous, amorphous and branched polymers,
consisting of diverse monosaccharides i.e. mixture of pentose sugars (xylose and arabinose)
and hexose sugars (glucose, mannose and galactose). Hemicellulose also consists of sugar
acids such as glucuronic acid, methylglucuronic acid and galacturonic acid [32]. The degree
of polymerisation in hemicellulose is about 200 sugar units, which is far less than that of
cellulose. They are easily hydrolysed to their monomeric sugars by acids. Hemicellulose’s
backbone polymer could either be heteropolymer or homopolymer linked with β-1,4glycosidic bonds and occassionally with β-1,3- glycosidic bonds [45]. Softwood
hemicellulose is dominated by glucomannans while the hemicelluloses of hardwood and
agricultural residues are dominated by xylan. However, degree of acetylation in hardwood
hemicelluloses is higher than in softwood hemicelluloses [46, 47].
Lignin
Lignin is the third structural component of plant cell wall and constitutes about 25–35%
(Table 1). It is a complex, branched, amorphous and aromatic polymer composed of phydroxyphenyl-propanoid units connected together in a 3-dimensional edifice. Lignins have
been classified into two: guaiacyl lignin and guaiacyl-syrigyl lignin depending on their
aromatic ring substitution array while sinapyl alcohol, coniferyl alcohol and p-coumaryl
alcohol are its monomers [37, 48]. Lignin is bonded to cellulose and hemicellulose by ester,
ether and glycosidic bonds; these interlinkages maintain the structure of the lignocelluloses
(Figure 4). Due to the complex nature and the strong linkages, lignins are highly resistant to
enzymatic and chemical attack [49]. This resistance constitutes the recalcitrance nature of
lignocellulosic materials, which is one of the major challenges of lignocellulosic ethanol
production. Generally, softwoods have higher lignin content than hardwood and agricultural
14

residues [50, 51]. Lignin can be used as fuel for heat and electricity generation in the plant;
other industrial applications for lignin exist such as adhesives and biocomposites production
[52-54].
Other lignocelluloses components are extractives, which are non-cell wall components
usually, found in foliage and bark. Common extractives are resins, terpenes and sterols, and
they constitute approximately 1–5% of the wood. Non-extractive components such as ash,
silica, proteins and pectins are also constituents of lignocellulosic materials [37, 55, 56].

3.2

Pretreatment of lignocellulosic materials

Pretreatment of the raw material is essential for successful lignocellulosic ethanol processes.
This is used to open up the lignocellulosic structure, fractionate the hemicellulose, decrease
the level of cellulose polymerisation and remove the lignin. It thus increases the accessibility
of the enzymes to the glycolytic bonds and improves the digestibility of the lignocellulosic
materials [50, 57, 58]. There are various methods of lignocellulosic pretreatment, and several
excellent reviews are available on this topic [57, 59-63]. The methods have been classified
into three major categories: chemical, physical and biological methods. These methods can be
combined, for example, as physicochemical pretreatment for improvement of digestibility and
consequently, improved ethanol yield. It is however important to consider the following
factors for effective and optimised lignocellulose pretreatment: it should be applicable to a
broad range of feedstocks, low energy and cost demand, high yield of sugar recovery, avoid
degradation of carbohydrate, minimal or no formation of inhibitory by-products which could
affect the subsequent fermentation [61, 64].
Physical pretreatment
Physical pretreatment functions primarily as a means of size reduction for the lignocellulosic
material either physically or mechanically. It increases the surface area and porosity of the
material and depolymerises the cellulose fibre but does not remove the lignin [57]. It involves
processes such as: milling, grinding, irradiation and high pressure steaming [65-67]. In Paper
IV, OPEFB was initially ground to pass through 10 mm screen and further ball milled at a
frequency of 29.65 s-1 for 4 min.
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Chemical pretreatment
Chemical pretreatment employs the use of acids such as phosphoric acid, sulphuric acid and
hydrochloric acid; gases, namely sulphur dioxide; and alkali e.g. ammonia for fractionation of
lignocellulosic biomass and enhances cellulose digestibility [68]. Often, chemical
pretreatment is usually combined with physical processes commonly referred to as
physicochemical pretreatment such as steam explosion with the addition of SO2 or H2SO4,
ammonia fibre explosion (AFEX), as well as CO2 explosion [69-71]. Physicochemical
processes have been reported to be effective and promising for large scale industrial processes
due to its fast rate of lignocellulose degradation and complete hemicellulose fractionation
[57]. In Papers I and III, the spruce and birch chips respectively used were chemically
pretreated with SO2 impregnation, exposed to pressure of 22 and 18 bar and temperature of
215°C for 5 min; discussion on the results from the papers are presented in sections 6.1 and
3.7, respectively. In Paper II, the wheat straw used was chemically pretreated with dilute
H2SO4 (0.3–0.5%) at 185°C for 8 min; discussion on the results from the paper is presented in
section 6.3. These pretreatments were done at SEKAB E-Technology, a lignocellulosic
ethanol demonstration plant in Örnsköldsvik Sweden; the pretreated spruce, birch and wheat
straw were delivered as slurry. Phosphoric acid was used as a chemical pretreatment method
in Paper IV. Further discussion on the paper is presented in section 3.3.
Biological pretreatment
Biological method of pretreatment is a process whereby microorganisms are used for altering
the structure of lignocelluloses, causing delignification by breaking down lignin into smaller
structures through their extracellular enzymes. The microorganisms are fungi e.g. white-rot
fungi, soft-rot fungi, brown-rot fungi and bacterial e.g. proteobacteria and actinobacteria [7275]. Biological pretreatment requires low energy and cost input, no chemicals and is safe for
the environment [76]; however, slow rate of action and long pretreatment times are its
challenges [77]. White-rot fungi have been widely investigated for biofuel production due to
the substrate specificity of its extracellular lignolytic enzymes, namely, Lignin peroxidase
(LiP), Manganese peroxidase (MnP) and Laccase (Lac). These enzymes can effectively
degrade lignin and decrease the crystallinity of cellulose [78]. Biological pretreatment can
also be combined with physical or chemical pretreatments for improved digestibility and
ethanol yields [38, 79]. Delignification action by white-rot fungi through their extracellular
enzymes is represented in Figure 5.
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Figure 5: Representation of delignification and alteration of lignocellulosic structure through
biological pretreatment with white-rot fungi [78].

3.2.1 Reduction of OPEFB crystallinity with fungal and phosphoric acid pretreatments
In Paper IV, phosphoric acid was used for chemical pretreatment, white-rot fungi was used
for biological pretreatment and both methods were later combined on oil palm empty fruit
bunch (OPEFB), a lignocellulosic residue from palm oil processing.
The crystallinity index of OPEFB before and after each pretreatment method was analysed
with Fourier transform infrared spectroscopy (FTIR) spectra. The crystallinity of untreated
and pretreated OPEFBs cellulose was determined using crystallinity index as A1429/A894,
which is the ratio between absorbances at wavenumber 1,418 and 894 cm-1 [80]. The peaks
that corresponded to cellulose structure were 3,338, 2,980–2,835, 1,460, 1,375, 750, and 715
cm-1, whereas the peaks that corresponded to hemicellulose or carbohydrate structures were
1,738–1,709, 1,315, 1,230–1,221, 1,162–1,125 and 897 cm-1 [38]. Reduction in the height of
the peak at 3,338 cm-1 indicates a reduction in the hydrogen bond of cellulose in the
pretreated OPEFBs (Figure 6). The crystallinity index for untreated, fungal pretreated,
phosphoric acid pretreated and combined pretreated OPEFB were 2.8, 1.4, 0.7 and 0.6,
respectively. This indicates that phosphoric acid pretreatment is effective in reducing the
crystallinity of cellulose in OPEFB, which suggests that there could be improved digestibility.
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However, these crystallinity indices may not be the only indication of the effectiveness of the
enzymatic hydrolysis of OPEFB, as the combined method has lower index than phosphoric
acid pretreatment (Paper IV).

Figure 6: FTIR spectra of empty fruit bunch (OPEFB) with different pretreatments: (a) untreated,
(b) fungal pretreatment, (c) phosphoric acid pretreatment and (d) combination of fungal and
phosphoric acid pretreatment. Data from Paper IV.

3.3

Hydrolysis of lignocellulosic materials

The pretreatment step is followed by hydrolysis of the lignocelluloses for the release of
fermentable sugars prior to fermentation. Two hydrolysis methods are commonly used: acid
hydrolysis and enzymatic hydrolysis.
Acid Hydrolysis
Acid hydrolysis involves the use of acids such as H2SO4 or HCl at a specific temperature and
pressure on the lignocellulosic material for the release of the monomeric sugars from the
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cellulose and hemicellulose polymers. Dilute- and concentrated-acid hydrolysis are the two
common types of acid hydrolysis in lignocellulosic processes.
Dilute acid hydrolysis is used either for pretreatment before enzymatic treatments or for
complete lignocellulosic hydrolysis to monomeric sugars. Usually a low concentration (less
than 1%) of acid is used at high temperature of 180–230°C for fast reaction rates [32, 81].
About 95% of the hemicellulose sugars can be released through dilute acid hydrolysis [82,
83]. Dilute acid processes can also increase the rate of enzymatic hydrolysis [32]; it can be
performed at mild conditions using low pressure with extended retention time or at severe
conditions at higher pressure and reduced retention time. At high processing temperature and
long retention time, the monomeric sugars are degraded into inhibitory compounds; hence,
why the process is frequently carried out in two stages. In the first stage, the hydrolysis is
carried out at mild process conditions for the fractionation of the hemicellulose. In the second
stage, the cellulose can be hydrolysed to glucose either by enzymatic hydrolysis or with dilute
acid at severe conditions [81, 83].
Concentrated acid hydrolysis is carried out at higher acid concentrations, a lower temperature
of about 30–40°C and a lower pressure than dilute acid hydrolysis [84]. It usually results in
higher sugar and ethanol yield; moreover, the rate of formation of inhibitory by-products is
also lower than during the dilute acid process. However, the disadvantages including: acid
toxicity, corrosiveness, requirement of corrosion resistance reactors, the need for acid
recovery for the economic feasibility, together with its environmental impact have limited its
application nowadays [77, 81].
Enzymatic Hydrolysis
Enzymatic hydrolysis is usually performed on pretreated lignocellulosic materials to
hydrolyse cellulose to glucose. It is generally preferred over the acid hydrolysis due to its
advantages such as: milder processing conditions (pH at 4.5–5.0, temperature at 40–50°C),
possibility of achieving complete cellulose conversion to glucose, no formation of inhibitory
by-products and no corrosive conditions associated with it [85, 86]. However, it does require
1–4 days of hydrolysis during enzymatic processing compared to only a few minutes for acid
hydrolysis process.
The enzymes are extremely specific catalyst such as cellulase or cellulytic enzymes, which
are produced by some microorganisms [82]. The most widely known cellulase producing
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microbe is the fungus Hypocrea jecorina, previously called Trichoderma reesei; it has the
ability to produce up to 100 g/L enzyme titres [87]. Cellulose hydrolysis to glucose is carried
out by interaction or synergistic effect of three major groups of enzymes, which are: endo-1,4β-d-glucanases, exo-1,4-β-d-glucanases and β-d-glucosidases [82, 88]. The endo-glucanases
cleaves the cellulose at the amorphous and less crystalline region and creates free chain ends;
the exo-glucanases cleaves the cellobiose units from the created free chain ends while βglucosidase finally cleaves the cellobiose to glucose [85]. Substrate concentration, accessible
surface area, enzyme dosage, pH and temperature are important factors that should be
optimised for efficient enzymatic hydrolysis process [63].
The studies presented in this thesis applied two enzyme cocktail preparations. In Paper I,
Cellic® Ctec3 enzyme was used for the hydrolysis of the pretreated spruce, while Cellic®
Ctec2 enzyme was used in Papers II–IV. The enzymes were obtained from Novozymes,
Denmark.

3.3.1

Improved enzymatic hydrolysis of OPEFB after fungal and phosphoric acid

pretreatments
The effect of different pretreatments discussed in section 3.2 was investigated on the
hydrolysis of OPEFB. Fungal pretreatment, phosphoric acid pretreatment and combination of
the two methods were evaluated (Paper IV). The results show that without any pretreatment,
OPEFB has percentage digestibility (extent of hydrolysis) of just 3.4% after 72 h of
enzymatic hydrolysis (Figure 7). It was observed that pretreatment with phosphoric acid and
combined pretreatment significantly improved the digestibility and resulted in 81.4% and
56.1%, respectively, compared to digestibility of untreated OPEFB. Fungal pretreatment
alone resulted in digestibility of 15.4%, see Figure 7 (Paper IV). The great improvement in
digestibility after phosphoric and combined pretreatment indicates that phosphoric acid and
combined pretreatment reduces the hydrogen bonds, as observed from the crystallinity
reduction (section 3.2.1) of the OPEFB and makes the material more susceptible to enzymatic
attack. This also suggests that there could be an improved ethanol yield from the pretreated
materials, considering the amount of fermentable sugars obtainable from the hydrolysis. The
lower digestibility of the combined pretreatment compared with the phosphoric acid
pretreatment could be related to the different cellulose contents of both materials (Table 2).
The compositional analysis of untreated OPEFB as well as the results after each pretreatment
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is presented in Table 2. Another possible explanation could be an interaction between the acid
and the fungi, which affected the hydrolysis for the combined pretreatment.
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Figure 7: Enzymatic digestibility of OPEFB before and after pretreatment. Data from Paper IV.

Table 2: Compositional analysis of untreated and pretreated OPEFB (Paper IV).
Component
(%)

Untreated

Fungal
pretreated

Phosphoric acid
pretreated

Fungal and
Phosphoric acid
pretreated
Cellulose
39.1
34.2
43.2
53.8
Hemicellulose
23.0
27.5
9.0
9.1
ASL
7.8
8.4
4.3
4.5
AIL
26.6
26.0
40.1
32.9
Total Lignin
34.4
34.3
44.7
37.2
ASL = acid soluble lignin; AIL = acid insoluble lignin; Total Lignin = ASL + AIL.

Fermentation of the released monomeric sugars during hydrolysis is an important step in
ethanol production in order to have a good yield. Successful fermentation of lignocellulosic
hydrolysates to ethanol depends on certain factors including: the nature and composition of
lignocellulosic material, the microorganism used for fermentation and the fermentation mode
used. In the following sections, the modes of fermentation, the ethanol producing
microorganisms, the fermentation inhibitors as well as fermentation results in Papers III and
IV are discussed.
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3.4

Fermentation modes: batch, fed-batch and continuous modes

Three modes of fermentation are commonly used in ethanol fermentations: batch, fed-batch
and continuous modes. During batch fermentation, the whole substrate is added at the
beginning of fermentation and product is taken out at the end. Batch fermentation is easy to
operate and has low operating cost; its main limitation is low ethanol productivity due to long
initial lag phase [89]. Fermentation of dilute acid lignocellulose hydrolysate with batch
process seems challenging due to the presence of inhibitory substances, which can cause
delayed or completely failed fermentation. In this work, SSFF process gave a possibility of
batch fermentation of pretreated inhibitory spruce and wheat straw slurries with an increased
ethanol yield (Papers I and II). Batch fermentation was also applied during the SSF with
OPEFB (Paper IV).
Semi-continuous or fed-batch process is the condition where the yeast cells are added to only
a portion of the substrate at the beginning of the fermentation and the other portions are added
intermittently after the start of fermentation without product removal [58]. Fed-batch process
can be used for producing high biomass concentration by avoiding catabolic repression;
furthermore, exposing the cells to high concentration of inhibitors at the beginning of
fermentation can be avoided. Contamination and washout challenges, which are common to
continuous processes could also be avoided during fed-batch processes [32]. Fed-batch
process is one of the most suitable processes for the dilute acid pretreated lignocellulosic
material due to the ability of in-situ detoxification of the bioconvertible inhibitors; however,
the optimum feed rate must be used. Fed-batch process was used during the SSF for the
fermentation of the pretreated spruce, birch and wheat straw slurries (Papers I–III).
Continuous mode of fermentation is when the substrate is continuously added to the reactor,
and the fermentation product is withdrawn at the same rate in order to maintain a constant
volume in the reactor. Successful continuous fermentation demands that the dilution rate do
not exceed the cell growth rate to avoid the cells being washed out; in addition, the cells
should be able to maintain their fermentability over a long period of time [32, 90]. The
presence of inhibitors in dilute acid lignocellulosic hydrolysates reduces the cell growth rate;
hence, cell wash out may occur except if it is operated at a very low dilution rate. However,
operating at a very low dilution rate can significantly reduce the productivity of the process
[91]. With cell retention strategies such as flocculation, encapsulation or submerged
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membrane, continuous fermentation can be performed at high dilution rates and consequently
increase the ethanol productivity [92-94]. In these studies, the fermentation unit of SSFF in
Papers I and II can be considered as a continuous process since the sugar rich stream is
continuously supplied into the reactor and ethanol rich stream is continuously withdrawn into
the hydrolysis reactor. Flocculation was used for retaining the cell in Paper I, while
encapsulation was used in Paper II; dilution rates of up to 0.6 h-1 were used in both papers
without cell wash out. The results of the fermentations are presented in Chapter 6.

3.5

Ethanol producing microorganisms

A preferred microorganism for ethanol production should have the following attributes: high
ethanol yield and productivity, high growth and fermentation rate, high sugar and ethanol
tolerance, osmotolerant (ability to use raw materials with high salt content as substrate), able
to perform rapid fermentation even at low pH to reduce bacterial contamination, high
tolerance to inhibitors and high fermenting temperature. Yeasts, filamentous fungi and
bacteria have been investigated for ethanol production.
Bacteria e.g. Zymomonas mobilis and Escherichia coli can produce ethanol, but they generate
undesired by-products such as lactate, acetate and formate [95, 96]. Moreover, Zymomonas
mobilis cannot utilise pentose sugars and has a lower inhibitor tolerance than yeast [97]. Yeast
strains such as Scheffersomyces stipitis previously referred to as Pichia stipitis, Candida
pseudotropicalis, Candida utilis have been evaluated for ethanol production. However, they
have low inhibitor and ethanol tolerance, low specific ethanol productivity or require
microaeration for optimum performance [98-100]. Strains of filamentous fungi such as Mucor
indicus, (formerly called Mucor rouxii) and Aspergillus oryzae have the ability to metabolise
hexoses and pentoses to produce ethanol. A major challenge with filamentous fungi is the
filamentous growth pattern, which can result in attachment and microbial growth on the walls
of the bioreactor and agitators resulting in mixing and mass transfer problems in the reactor
[33].
Saccharomyces cerevisiae is by far the most common yeast strain used for ethanol production.
It is referred to as the ‘industrial working horse’, and also the most applied yeast, both in
research and industrial ethanol production. It has advantages of high ethanol productivity, as
well as high ethanol and inhibitor tolerance. It is generally regarded as safe for human
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consumption and food addition, which makes it widely useful in production of alcoholic
beverages and in bread leavening. Wild type of S. cerevisiae can consume and ferment hexose
sugars like glucose, mannose and galactose as well as sucrose disaccharide into ethanol, but it
has a limitation of being unable to consume and ferment pentoses such as xylose and
arabinose [101]. Hence, genetic modification of S. cerevisiae for pentose fermentation seems
to be the dominating option for the possibility of broad range of biomass utilisation [102].
Various approaches have been used to genetically engineer S. cerevisiae for pentose sugars
utilisation, increased tolerance to inhibitors present in lignocellulosic hydrolysates and
effective prompt fermentation to ethanol. The following approaches have been investigated:
(i) optimisation of its xylose-fermentation pathways through heterologous expression of
xylose isomerase (XI), xylose reductase (XR) and xylitol dehydrogenase (XDH) genes from
bacteria or fungi that naturally ferment xylose and (ii) evolutionary engineering through
adaptation for improved xylose uptake and inhibitor tolerance [102]. In the studies presented
in this thesis, hexose fermenting strains of S. cerevisiae; CCUG 53310, Ethanol Red and
CBS 8066 were respectively used in Papers I, III and IV while a genetically engineered
strain of S. cerevisiae T0936 was encapsulated and used in Paper II during SSFF with
pretreated wheat straw, which is a lignocellulosic material dominated by xylose sugar.

3.6

Fermentation inhibitors

Inhibitors are compounds or substances that negatively affect the fermentation process and
consequently reduce ethanol yield and productivity. The concentration of inhibitors present in
lignocellulosic hydrolysates varies, depending on the type and source of the material as well
as the type of pretreatment used. Table 3 summarises some common fermentation inhibitors.
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Table 3: Common fermentation inhibitors, their inhibitory effects and their sources.
Inhibitors

Inhibitory effect on yeast cell and
fermentation
-osmotic stress on the cell
-reduction of intracellular
water activity (aw)
-affects glycolytic enzymes

Source

References

Fermentation
medium

[103-105]

Different monomeric
sugar mixture

-catabolite repression

Fermentation
medium

[63, 106]

Ethanol
(above 11%)

-reduction of cell water activity
-reduced sugar uptake

Fermentation
product

[107, 108]

Synergistic effects
of different
compounds

-negative effect on cell growth
and metabolism

Fermentation
medium

[106]

High concentration
of salts, heavy
metals, and anions
e.g. Ca2+, Mg2+, K+,
Cl- and SO42-

-osmotic stress

Pretreatment

[63, 106]

Furans
(Furfural and HMF)

-affects glycolytic enzymes
-reduces cell viability
-damages cell membranes
-prolonged lag phase
-can stop cell growth

Dilute acid
pretreatment

[109-114]

Carboxilic acids (Formic,
Levulinic
and Acetic acids)

-lowers intracellular pH
-obstruction of cell membrane
-can terminate cell growth

Pretreatment

[106, 115]

Phenolics

-decreases cell growth rate
-affects cell membrane
-decreases fermentation rate

Pretreatment

[106, 115]

High sugar
concentration
above 15%

At a concentration above 11%, ethanol itself, which is a product of fermentation, can inhibit
S. cerevisiae by reducing the water activity of the cell and consequently reducing the uptake
of sugars [107, 108]. High sugar concentration above 15% can result in an osmostic stress to
the cell and also affect the glycolytic enzymes [103-105]. Inhibitors in pretreated
lignocellulosic ethanol processes are further discussed.
Inhibitors in pretreated lignocellulosic materials
Pretreatment and acid hydrolysis of lignocellulosic materials at high temperatures generate
additional by-products apart from the intended monomeric sugars. The by-products are
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commonly referred to as inhibitors. Inhibitors from lignocellulosic hydrolysates are classified
into three groups: furan derivatives, carboxylic acids and phenolics.
Commonly investigated furan derivatives are furfural and hydroxylmethyl furfural. Furfural is
formed by dehydration of pentose sugars e.g. xylose during lignocellulose pretreatment with
dilute acids at high temperature [116]. The inhibitory effect of furfural depends on the
concentration and the strain of the cells; it affects the viability, vitality and specific growth
rate and causes an increased lag phase [115, 117, 118]. Furfural does not really affect the final
ethanol yield; however, it does slow down the fermentation rate and consequently affects the
ethanol productivity [119, 120]. Saccharomyces cerevisiae can convert low furfural
concentration to less inhibitory substances e.g. furoic acid and furfuryl alcohol [106].
Hydroxylmethyl furfural (HMF) is also produced during dilute acid hydrolysis of
lignocelluloses at high temperatures by dehydration of hexose sugars e.g. glucose [90]. It
affects the glycolytic enzymes, cell growth rate, fermentation rate and can completely stop the
fermentation at high concentration [106]. Although HMF is less inhibiting compared to
furfural, its rate of conversion to the less inhibitory alcohol (Hydroxylmethyl furfuryl alcohol)
is slower than that of furfural conversion [121].
Carboxylic acids available in lignocellulosic hydrolysates are acetic acid, levulinic acid and
formic acid. Acetic acid is the most common carboxylic acid that is available in highest
concentration. It is produced during the deacetylation of the hemicellulose fraction of the
lignocellulosic materials. Levulinic acid is formed by degradation of HMF during acidic
conditions at high temperatures while formic acid is a product of HMF and furfural
degradation [122].
Formic and levulinic acid are usually lower in concentration than acetic acid; nevertheless, the
inhibitory effect of formic acid is the highest followed by levulinic acid and then acetic acid
[115]. The inhibitory effect of carboxylic acids is pH dependent; the undissociated form can
inhibit by diffusion into the cell through the cell membrane and then lower the cell pH. In
order to avoid low intracellular pH, ATP dependent transporters need to pump out the
protons; consequently, the energy consumption in the form of ATP increases. Therefore, the
biomass and ethanol production is negatively affected at high concentration of the acids. On
the other hand, low acid concentrations can stimulate the production of ATP, reduce the
biomass yield and consequently improve ethanol production [123, 124]. Table 4 presents the
measured concentrations of the available inhibitors in the materials used in these studies.
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Phenolic compounds are inhibitors generated from lignin degradation during acidic treatment;
they are dependent on the structure of the lignin present in the lignocellulosic material [54].
Three major classes of phenolic compounds found in lignocelluloses are guaiacyl (G),
syringyl (S) and 4-hydroxybenzyl (H). Only guaiacyl is available in softwood while syringyl,
guaiacyl and 4-hydroxybenzyl are all available in hardwoods and agricultural residues [55].
The inhibitory effect of the phenolic compounds occurs by affecting the activity of the cell as
well as membrane integrity, consequently causing a reduction in the growth rate of the cell
and ethanol productivity [106, 115].

Table 4: Measured concentration of inhibitors in the liquid fraction of the pretreated slurries used
in these studies.
Pretreated slurries
Spruce: Paper I
Wheat straw: Paper II
Birch: Paper III

Furfural (g/L)
2.0
9.2
1.2

HMF (g/L)
1.8
1.1
4.2

Acetic acid (g/L)
5.7
8.86
21.3

Depending on the concentrations, some inhibitors can be detoxified by the yeast itself with
high initial cell concentration known as in-situ detoxification process. Detoxification with
addition of Ca(OH)2 to the hydrolysates known as overliming process can also be used for
lignocellulosic [125, 126]. Genetic or evolutionary engineering of the yeast cells, adaptation
of the cells to the hydrolysates, optimisation of the reactors processing conditions can also
reduce the inhibitors’ effect in the fermentation [32].

3.7

High solids loading for control of infections during ethanol fermentation

The presence of inhibitors in pretreated lignocellulosic slurries could, on the other hand, be of
great advantage in combating bacterial contamination, which is a major problem in ethanol
fermentations. Bacterial contamination tends to dominate the fermentation, and the available
carbohydrates intended for ethanol are consumed for e.g. lactic acid production.
Consequently, this reduces the ethanol yield and increases the production cost [127-129].
Combating bacterial infection with the use of high solids loading, which indicates higher
inhibitory medium was investigated in Paper III.
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3.7.1 Minimised lactic acid production with high solids loading
Solid loadings of 8%, 10% and 12% suspended solids (SS) were evaluated with simultaneous
saccharification and fermentation with no sterilisation of the substrates in order to mimic
industrial conditions. Cellulase enzyme cocktail Cellic® Ctec2 for the hydrolysis and Ethanol
red, a commercial strain S. cerevisiae for the fermentation. After 160 hours of fermentation, it
was observed that during 8% and 10% SS experiments, lactic acid production increased
throughout the fermentation, while its production was suppressed during the 12% SS
experiment (Paper III). Only 2.9 g/L lactic acid was observed throughout the fermentation of
12% SS whereas 35.5 g/L and 42.6 g/L was observed during 10% and 8%, respectively
(Figure 8). This is an indication that increased concentration of inhibitors during the 12% SS
selectively inhibited the growth of the contaminants while the ethanol production by S.
cerevisiae progressed (Paper III).

50
8% SS
10% SS

Lactic acid (g/L)

40

12% SS
30

20

10

0

0

50

100

150

Time (h)

Figure 8: Concentration profile of lactic acid production during simultaneous saccharification and
fermentation of pretreated birch slurry with different suspended solids of 8%, 10% and 12%
(Paper III).
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3.7.2 Effect of high solids loading on sugar consumption and ethanol production
It was also observed that during the 8% and 10% SS, both hexose and pentose sugars were
consumed, while only hexose sugars were consumed during the 12% SS (Paper III). This is
an indication that the bacteria was competing with S. cerevisiae for the fermentable sugars
and consuming the carbohydrates meant for ethanol production together with the yeast during
the lower solid loadings (Figure 9); only glucose was consumed during the 12% SS since the
S. cerevisiae used can only ferment hexose sugars (Paper III).
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Figure 9: Concentration profiles of total sugars (hexoses and pentoses) during simultaneous
saccharification and fermentation of pretreated birch slurry with different suspended solids of 8%,
10% and 12%. The dashed lines indicate effect of stepwise addition of slurry (Paper III).

Although the lower SS was easier to handle in terms of mixing and mass transfer
considerations, lower SS provided a more favourable environment for the growth of the
contaminants; consequently, lactic acid was increasingly produced and ethanol production
was affected. Similar observation of lactic acid production from less inhibitory lignocellulosic
medium has been reported [130]. Highest ethanol concentration of 19 g/L and 23 g/L was
produced from 10% and 8% SS, respectively, while 12% SS resulted in 47 g/L ethanol
concentration (Figure 10), a value higher than the 40 g/L, which is the requirement for
industrial lignocellulosic ethanol processes [131]. Nevertheless, for S. cerevisiae to survive
the highly inhibitory medium, a robust strain with high tolerance to inhibitors is required.
Application of a robust genetically engineered strain of S. cerevisiae, which can ferment both
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hexose and pentose sugars as the fermenting organisms, as well as co-cultivation of pentose
and hexose fermenting strains of S. cerevisiae for the fermentation could probably reduce the
lactic acid production and improve the ethanol production as well.
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Figure 10: Concentration profiles of ethanol production during simultaneous saccharification and
fermentation of pretreated birch slurry with different suspended solids of 8%, 10% and 12%. The
dashed lines indicate effect of stepwise addition of slurry (Paper III).

3.8

Effect of fungal and phosphoric acid pretreatment on ethanol yield

Other factors, such as pretreatment method used could also influence the fermentation process
and consequently improve the ethanol yield. The effect of fungal pretreatment, phosphoric
acid pretreatment and their combination was investigated on the ethanol yield from OPEFB
compared to untreated material (Paper IV). Simultaneous saccharification and fermentation
was performed on the different pretreated OPEFB materials for 96 h. The highest ethanol
concentrations of 21.8 g/L, 20.3 g/L, 6.8 g/L and 4.1 g/L (Figure 11) were produced from
combined pretreated, phosphoric acid pretreated, fungal pretreated and untreated OPEFBs,
respectively. These resulted in ethanol yields of the theoretical value of 89.4%, 62.8%, 27.9%
and 14.5% from phosphoric acid treatment, combined treatment, fungal treatment alone and
untreated material, respectively. Thus, phosphoric acid or its combination with biological
pretreatment could significantly improve ethanol yield from OPEFB and possibly from other
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lignocellulosic biomass (Paper IV). Although the ethanol concentration from the combined
pretreatment is slightly higher than from the phosphoric acid pretreatment, the ethanol yield
was lower for combined pretreatment. This could be related to the different cellulose contents
of the materials (Table 2); a similar observation was observed from the digestibility results
after the enzymatic hydrolysis in section 3.3.1.
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Figure 11: Ethanol concentration (g/L) of untreated-, fungal pretreated, phosphoric acid
pretreated-, and combination of fungal and phosphoric acid pretreated OPEFB biomass during
simultaneous saccharification and fermentation (Paper IV).

3.9

Conventional methods of enzymatic hydrolysis and fermentation

There are different strategies or process configurations that have been proposed and evaluated
for enzymatic hydrolysis and fermentation of lignocellulosic materials for ethanol production.
SHF and SSF are the two major ones that have been extensively studied. These methods
together with other proposed methods are discussed in this section.
Separate hydrolysis and fermentation (SHF)
Separate hydrolysis and fermentation is a process where the enzymatic hydrolysis with
cellulase enzymes and the fermentation with yeast are performed separately in different
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vessels (Figure 12). This process has a main advantage of the possibility of performing the
enzymatic hydrolysis and the fermentation at optimum conditions of temperature and pH
[132]. However, as the hydrolysis progresses, the concentration of cellobiose and glucose
increases in the reactor, which could in turn inhibit the activity of the cellulase enzyme,
usually referred to as end-product inhibition [133]. Consequently, the monomeric sugar yields
from the enzymatic hydrolysis is reduced. The enzymatic hydrolysis is the rate determining
step in lignocellulosic ethanol production; low monomeric sugar yield in this step will
indicate a low ethanol yield. Another disadvantage of SHF is that the process is associated
with problem of contamination in the hydrolysis step, a reaction that usually takes between 1
to 4 days to complete [85, 134].
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Figure 12: Schematic representation of the process flow diagram for separate hydrolysis and
fermentation (SHF) process.

Simultaneous saccharification and fermentation (SSF)
Simultaneous saccharification and fermentation combines both the enzymatic hydrolysis and
fermentation together in one unit (Figure 13). SSF is advantageous over SHF since the
glucose released during the hydrolysis is immediately consumed by the yeast for fermentation
to ethanol in a single reactor; hence, the end-product inhibition of the enzymes can be
minimised [135]. The availability of ethanol in the reactor also reduces the contamination risk
compared to the SHF. However, the SSF process demands a compromised processing
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condition for the cellulase enzymes and the yeast. Cellulase enzymes function optimally at a
temperature between 45 and 50°C while the optimum temperature for yeast S. cerevisiae is
between 30 and 35°C [136, 137]. SSF is usually carried out at around 35°C [138], which is
suboptimal for the cellulase enzymes and the yeast. Also, the yeast cannot be reused in the
SSF process because it is mixed with solid particles during the process; hence, there will be a
yield loss from the yeast since cultivation of fresh cells will be needed for each production
batch [135]. Simultaneous saccharification and co-fermentation (SSCF) is a form of SSF that
involves using recombinant yeast for both hexose and pentose sugar fermentation to ethanol
[139]. The SSF process has been reported to give higher ethanol yield than SHF [136, 140143]; accordingly, SSF was chosen as a reference method to the SSFF novel method in these
studies.
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Figure 13: Schematic representation of the process flow diagram for the simultaneous
saccharification and fermentation (SSF) process.

Consolidated bioprocessing (CBP) or Direct microbial conversion
Consolidated bioprocessing is a similar process to SSF; it utilises a single microorganism for
the substrate degradation and fermentation of sugars to ethanol without the supply of external
enzymes [144]. Microorganisms may be combined in a way so that one of them performs the
substrate hydrolysis while the other does the fermentation to ethanol. Although the organisms
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can perform the fermentation together, individually they secrete important enzymes for
saccharification. Bacteria such as Clostridium thermocellum and Clostridium cellulyticum
have been reported for possessing cellulytic and fermentative ability, which makes them a
good candidate for CBP [144]. Two methods have been proposed for obtaining a good
microorganism for use in CBP; one way is to modify an excellent ethanol producing
microorganism such as S. cerevisiae for cellulase production while the other way is to modify
an excellent cellulase producer such as C. thermocellum for efficient ethanol production [145147]. However, the same challenges for SSF confronts CBP process, with the requirement of
optimum processing conditions for the cellulase producer and fermenting organism.
Currently, industrial application of consolidated bioprocessing is not yet available, though
there are some advances on the matter [144].
Nonisothermal simultaneous saccharification and fermentation (NSSF)
Nonisothermal simultaneous saccharification and fermentation is also a modification of the
SSF process. It comprises of a column reactor for the enzymatic hydrolysis and a fermentor,
and both units are connected with a counter current heat exchanger [148]. However, the
process only favours the hydrolysis unit and not the entire process; moreover, the advantage
of the process was only obvious with a low enzyme loading. Parameters such as enzyme
loading, substrate concentration, temperature, fluid dynamics condition in column bed can
easily affect the process negatively. Also, it is necessary to recirculate the effluent from the
column through the heat exchanger by suction rather than using a pump in order to avoid
plugging the column [148]. NSSF process has not been widely investigated for lignocellulosic
ethanol production, probably due to its limitations and the complexity of the process.

3.10

Motivation for the development of an improved process

As much as ethanol production from lignocellulosic biomass has attracted global interest for
about three decades, it is not yet available on commercial scale, although there are some pilot
plants in operation. Challenges facing the process have prevented the commercial scale
productions, which necessitates further research efforts. The recalcitrant nature of
lignocellulosic materials necessitates a complex process. Nevertheless, the conventional
methods for lignocellulosic hydrolysis and fermentation have their different limitations,
which affect the ethanol yield and productivity as previously discussed.
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Among other factors, suboptimal processing conditions during SSF, long processing time of
hydrolysis followed by fermentation time, end product inhibition coupled with increased
contamination risk during SHF necessitates the development of an improved process. The
improved process needs to allow the hydrolysis and fermentation processes to be performed
separately at their different optimum conditions concurrently. Hence, there is need for a
filtration unit such as membrane reactor, which can connect both hydrolysis and fermentation
units in a sterile integrated process (Figure 14). The membrane unit can thus filter the
enzyme-slurry mixture in the hydrolysis reactor, while the sugar rich permeate continuously
reaches the fermentation reactor. At the same time, the fermentation liquid can be pumped
back to the hydrolysis reactor for volume control in both reactors; consequently, the benefits
are process optimisation and time conservation. This will definitely improve ethanol yield and
productivity as well as facilitate the commercialisation of lignocellulosic ethanol production.
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Figure 14: Schematic representation of the process flow diagram for novel integrated process,
which allows simultaneous hydrolysis and fermentation at separate optimum conditions, with a
filter membrane as connection between the two units. Pretreated lignocellulosic slurry together
with enzymes are filtered through a membrane; the sugar-rich permeate is pumped into the
fermentor while the fermentation liquid is recirculated back to the hydrolysis reactor to maintain a
constant volume. Adapted from Paper II.
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CHAPTER 4
MEMBRANE BIOREACTORS

Nowadays, membrane bioreactors (MBRs) are an important technology in water and
wastewater treatment for achieving quality water. MBRs have also been used in biological
processes such as ethanol and biogas production for cell containment in order to achieve high
cell densities [92, 149-151].
Membranes are materials that permit some particular substances to go through them while
other substances are retained. They are used for separation processes based on permeability
selectivity. The substances that pass through the membrane are referred to as permeate or
filtrate, while those that are retained are referred to as retentate. Membrane permeability
depends on its pore size and the characteristics of the feed stream. Basically, there are four
different types of membrane separation processes ranging from: microfiltration (MF) to
ultrafiltration (UF) to nanofiltration (NF) to reverse osmosis (RO). MF is used for retaining
particulate matter between 100–1000 nm and UF is for particles between 5–100 nm. NF is
used for molecular separation to reject molecules of 1–5 nm while RO is used to reject
monovalent ions with hydraulic diameter of less than 1 nm [150, 152].
Two major materials are used for membrane production: polymeric and ceramic materials.
Polymeric materials such as polypropylene (PP), polyethylene (PE), polysulfone /
polyethersulfone (PS/PES) family and polyvinylidene difluoride (PVDF) are used for
commercial production of membranes that are used for the UF and MF processes. These
polymers are biocompatible, have good resistance to chemicals, low swelling problems and
require low cost of production when compared with ceramic membranes. However, these
polymeric materials are hydrophobic in nature, but the produced membrane can be modified
during production or afterwards to be a hydrophilic material [151, 152]. Several research
efforts are still ongoing to improve the membrane properties and to enhance their
performances in water treatment and other applications.
Membranes can be configured externally to the bioreactor or submerged in the bioreactor. For
external configuration, direct pressure is used on the membrane while the feed stream is
circulated through the membrane with a pump (Figure 15a). For submerged configuration, the
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membrane is immersed directly in the feed liquid and is usually difficult to operate at high
solid concentrations (Figure 15b). Three membrane modules are applicable in MBRs: hollow
fibre (HF), flat sheet (FS) and tubular modules. HF are cylindrical bundles with high packing
density, FS are usually produced in rectangular panels, while tubular modules have one or
more membrane tubes and are also referred to as multi-tubular modules. HF modules have
very narrow diameter and are mostly used in NF and RO. Tubular modules are robust, can
withstand turbulence and are commonly applied in MF and UF [152].
There are two ways of operating membrane filtration: cross-flow and dead-end operations.
Cross-flow operation is when the feed flow is parallel to the membrane surface and the
permeate flow is perpendicular to the membrane surface (Figure 16a). Cross-flow filtration
can be performed with tubular, hollow fibre or flat sheet membranes; it reduces the cake layer
deposition on the membrane surface compared to dead-ends. In dead-ends or full-flow
operation, both the feed and the permeate flow are in a perpendicular direction to the
membrane surface, and there is no retentate stream (Figure 16b). Dead-ends operation leads to
increase in resistance to flow depending on the filter cake layer formation on the membrane
[152].
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Figure 15: Membrane configurations in MBRs: (a) external and (b) submerged.
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Figure 16: Membrane operation flow modes (a) cross-flow filtration and (b) dead-end filtration.

4.1

Challenges with membrane applications

In MBR processes, three major challenges of concentration polarisation, fouling and clogging
confront the application of membranes either in cross-flow or in dead-end operations. The
challenges are discussed in the following sections.

4.1.1 Concentration polarisation
Concentration polarisation (CP) is the accumulation of solutes, precipitates of slightly soluble
polymeric material and inorganic substances at the membrane surface creating a liquid film,
(Figure 17a). This creates a build up of rejected material, thus, increasing their concentration
on the membrane surface, which reduces the permeability of the membrane [152]. CP can
eventually result in fouling of the membrane pores. CP can be decreased on the membrane
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surface by increased turbulence in the feed flow [152]. In Papers I and II, the concentrate
pump, used for the pumping of the liquefied slurry, was used at flow rate of 0.8 L/min to
create a turbulent flow on the membrane surface.

(a)

Concentration
Polarisation

(b)

(c)

Fouling

Clogging

Figure 17: Major challenges with the application of membranes during filtration and separation
processes: (a) concentration polarisation, (b) fouling and (c) clogging.

4.1.2 Fouling
Fouling is the adsorption of the small particles of the feed stream onto the membrane pores,
leading to reduction in the flux and permeability (Figure 17b). Increased cake layer formation
from concentration polarisation is a major factor, causing membrane fouling, which most
membrane filtration processes combat with. Membrane characteristics such as pore size, type,
and configuration as well as the solid concentration of the feed stream are other factors that
can also contribute to fouling problem. The external cross-flow membrane configuration
increases the flux through the membrane and thereby reduces the risk of fouling as compared
to submerged membranes. Several research efforts on MBRs have addressed fouling
reduction, and it is still the dominating subject in membrane applications [149-153]. Fouling
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can be overcome by applying physical cleaning e.g. backwashing, relaxation or chemical
cleaning with acids or bases. If the adsorbed solids on the membrane pores can be removed
with physical cleaning, it is referred to as reversible fouling, but when there is need for a
chemical cleaning, then it is referred to as irreversible fouling. Regardless of the type of
cleaning applied, a fouled membrane cannot be restored back to its original permeability due
to some residual substances on the membrane pores known as irrecoverable fouling [152].
Fouling can eventually lead to clogging and result in complete failure of the filtration process.

4.1.3

Clogging

Clogging is the cluster of solid particles at the entrance of the membrane channel or within the
channel (Figure 17c), thereby, preventing the feed flow through the membrane and thus
reducing permeability. The solid particles are lodged between the surface of the membrane,
causing a dewatering and thus clogging the membrane channel. Clogging is commonly
experienced with hollow fibre membranes due to the narrow channels of about 0.3–0.5 mm;
however, the characteristics of the feed such as high solid matter can also increase the risk of
clogging even in tubular membranes. Clogging can be overcome by operations at low
suspended solids or by cleaning the membrane module with a low pressure hose [152]. In
Paper I, the capacity of the tubular membrane was evaluated with different suspended solids
(SS) loading to investigate the appropriate solid loading of the pretreated lignocellulosic
material to be used in the tubular cross-flow membrane filtration for its optimum
performance. Furthermore, the capacity of the filtration device, in a four week continuous
filtration process, was also evaluated to determine the membrane life span until fouling or
clogging occurs.
Clogging was frequently encountered during the experiments in Paper I and serves as a major
challenge for the application of membranes during SSFF for lignocellulosic materials.
However, this problem was solved by automatic regulation of the concentrate pump for
pretreated lignocellulosic materials. This was set up for 4 min of forward flow followed by a
reverse flow for 1 min. The automatic regulation greatly reduced the risk of clogging in the
filter membrane during the experiments in Paper II.
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4.2

Evaluation of membrane capacity and durability

Solid loadings of 5, 7.5, 10, 11, 12, 13 and 14% SS of pretreated spruce were evaluated
without any enzymatic treatment. It was observed that the flow of the feed through the
membrane channel decreased with increased solid loading (Figure 18). The membrane was
used to conveniently filter 5%–12% pretreated lignocellulosic materials with no stress on the
membrane; thirteen and 14% SS can be managed but further SS clogged the membrane
channel (Paper I). It was also observed that the concentrate pump must be used at a flow rate
of at least 0.8 L/min, which is equivalent to cross-flow velocity of 0.56 m/s over the
membrane to facilitate the flow through the membrane channels and avoid clogging,
irrespective of the SS used. Thus, the membrane can successfully be applied for filtration
purposes in lignocellulosic ethanol production if optimum solid loading is used (Paper I).
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Figure 18: Flow rates of 5, 7.5, 10, 11, 12, 13 and 14% SS of pretreated spruce through the
tubular externally configured cross-flow membrane (Paper I).
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Afterwards, the spruce slurry with initial SS of 14.4% was enzymatically treated, pumped
through the membrane channels and filtered continuously for four weeks to evaluate the
durability of the membrane in continuous filtration. Concentrate and permeate flow rates of
0.8 L/min and 3.7 mL/min, respectively, were applied. The results showed that the permeate
flow rate declined in the first 5 days followed by fluctuation and then levelling out until the
four week period, see Figure 19 (Paper I). This possibly suggests that concentration
polarisation could have occurred in the membrane channels in the first few days, which
decreased the permeability; however, the membrane was successfully used without fouling or
clogging for the four weeks. This is an indication that the SSFF process can be applied for
continuous process with prolonged membrane usage without regenerating the membrane
pores. It was also observed that the permeate pump should be used at a very low flow rate
between 1–4 mL/min to reduce concentration polarisation and extend the membrane’s
lifespan (Paper I).
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Figure 19: Flow rates of permeate through the membrane pores during a 28 day continuous
filtration of prehydrolysed spruce slurry of 14.4% initial SS (Paper I).
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CHAPTER 5
NOTES ON EXPERIMENTAL METHODS AND CELL RETENTION

Particular methods used in the experimental work presented in this thesis are described in
Papers I–IV accordingly. However, detail description of the novel simultaneous
saccharification filtration and fermentation processes as well the cell retention strategies are
presented in the following sections.

5.1

Simultaneous saccharification filtration and fermentation (SSFF)

Simultaneous saccharification filtration and fermentation is an integrated process, which
combines the advantages of conventional methods of SHF and SSF together and circumvents
their disadvantages. It is comprised of three units: hydrolysis, filtration and fermentation,
which occur simultaneously, see Figure 14. With the SSFF process, the enzyme cocktail for
the hydrolysis and the yeast S. cerevisiae for fermentation was used at their different optimum
conditions of 50°C and 30°C, respectively. MBRs were used in a novel way of filtering the
sugar produced in the hydrolysis reactor to the fermentation reactor. Due to its sturdiness, a
tubular membrane was used in a cross flow filtration for the enzyme-slurry mixture. The
membrane is made of polyethylene, with an inner diameter of 5.5 mm, pore size of 0.2 µm,
and 1.5 m long (Figure 20a). Being a membrane made of hydrophobic material, it was
hydrophilased with ethanol before use. The membrane was encased in a module made of
polypropylene MD 015 TP 2N, (Figure 20b), which was configured externally to the
hydrolysis reactor. Both the membrane and the module were purchased from Microdyn-Nadir
Gmbh, Germany. After each experimental run, chemically enhanced backwash with 0.5 M
NaOH was applied in the reverse direction to the filtration to regenerate the membrane pores.
The glucose released during the hydrolysis was continuously pumped into the fermentation
reactor through the membrane and fermented to ethanol by the yeast cells, thus, the problem
of end-product inhibition of the enzyme was avoided. Since the yeast cells are retained in the
fermentation reactor, SSFF also offers the possibility of cell culture reuse for several process
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batches, which is an important factor in ethanol production. The laboratory experimental set
up of SSFF is shown in Figure 21.

(a)

(b)

Figure 20: Membrane and module used in Papers I and II: (a) a tubular polyethylene filter
membrane; 1.5 m long, 5.5 mm inner diameter and 0.2

m pore size and (b) polypropylene

module encasing the filter membrane.

Figure 21: Laboratory experimental set up of the simultaneous saccharification filtration and
fermentation (SSFF) integrated process with the hydrolysis reactor on the right, filter membrane
module in the middle and fermentation reactor on the left.
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5.2

Cell retention

Retention of the fermenting cell culture is necessary in the SSFF process in order to prevent
the washout of the culture into the hydrolysis reactor. Cell retention offers the possibility of
increased cell concentration in the fermentor and enhanced in-situ detoxification. It is also a
means of achieving high volumetric productivity in the fermentor through operation at higher
dilution rates. Product separation is also easier when cells are retained in the fermentor [93,
154, 155]. There are different methods of cell retention, such as: flocculation or self
aggregation, encapsulation, adsorption to an insoluble surface, covalent binding on a surface,
entrapment in a porous matrix, containment in a membrane and cross-linking (Figure 22).
During the SSFF process, it was necessary to retain the yeast cells in the fermentation reactor
in order to avoid cells being washed out to the hydrolysis reactor, where the temperature was
50°C. Flocculation and encapsulation was used in Papers I and II, respectively, to retain the
yeast cells in the fermentation reactor.
Flocculation or self-aggregation
Flocculation in yeast is a form of asexual aggregation of cells to produce flocs. It is a natural
way of cell retention and thus provides an easy way of product separation. The mechanism of
flocculation depends on the expression of FLO genes such as FLO1, FLO5, FLO8 and LgFLO1 on the cell wall as proteins. These cell wall proteins referred to as flocculins act in a
lectin-like manner by binding to the carbohydrate on the cell wall of adjacent yeast cells,
thereby creating aggregates of several cells in a floc. Due to their mass, the flocs can sediment
easily in the reactor with maintained viability. Flocculation is a reversible process and strain
dependent; it is also dependent on agitation, calcium concentration, fermentation pH and
temperature [154, 156]. Naturally occurring flocculating strain of S. cerevisiae was used in
Paper I during the SSFF, due it its flocculating ability. It was isolated from an ethanol plant
(Domsjö Fabriker AB, Örnsköldsviks, Sweden) and registered as CCUG53310 at the Culture
Collection at University of Gothenburg, Sweden. It has been reported as a robust strain with
high tolerance for inhibitors present in dilute acid lignocellulosic hydrolysates. Flocculating
strain is however associated with mass transfer limitation; therefore, it requires longer
fermentation time than the freely suspended cells and has a lower specific growth rate
compared to free cells [157, 158].
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Figure 22: Different ways of cell retention for yeast cells.

Encapsulation
Encapsulation is a process of cell entrapment inside a semi-permeable membrane with the
cells in the capsules’ liquid core. The process has been used since the early 1990s for cell
retention technology and applied to different biological processes. Compared to other cell
retention methods, e.g. entrapment in a porous matrix, encapsulation offers advantages of no
leakage of cells and operations at high cell concentration. Encapsulated cells have higher
tolerance to inhibitors and increased temperatures than the suspended free cells; clear liquid
broth can be obtained with encapsulation. It has also been reported to aid xylose fermentation
for xylose fermenting strains, if the glucose concentration can be minimised inside the capsule
[156, 159-161].
Different encapsulation techniques are available such as: liquid droplet method also called the
one step method, interfacial polymerisation, coacervation, and the pregel method, a two-step
method [93, 162]. Alginate, a natural polyelectrolyte is commonly used as encapsulation
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material. As a negatively charged polyelectrolyte, it can easily crosslink and form gels with
opposite charge divalent cations such as Ca2+ and chitosan. Alginate capsules can easily be
made at room temperature and neutral pH [93].
In Paper II, the xylose fermenting strain of S. cerevisiae (T0936) used in the fermentation
reactor was encapsulated according to the liquid droplet method [160]. In this method, the
cells were harvested after cultivation using a centrifuge at 4500 rpm for 5 min. The yeast
pellets were re-suspended in 35 mL of 1.3% (w/v) sterile CaCl2 solution containing 1.3%
(w/v) carboxymethylcellulose (CMC), see Figure 23. CMC is added to increase the viscosity
of the solution. The mixture of yeast/CaCl2/CMC was added in drops with two needles (21G x
1.5 in.) using a peristaltic pump (403U/VM4 Watson Marlow, Sweden) into a continuously
stirred sterile 0.6% sodium alginate solution and 0.1% (v/v) Tween 20. As the mixture of
yeast/CaCl2/CMC drops into the alginate solution, it crosslinks and forms a capsule gel with
the yeast in the core of the capsules (Figure 23).

Cultivated Yeast Cells

CMC + CaCl2

Sodium Alginate and
Tween 20 Solution

Chitosan coating

Alginate-Chitosan
Encapsulated Yeast Cells

Figure 23: Representation of liquid droplet formation procedure for alginate-chitosan
encapsulated yeast cells used in the fermentation reactor during SSFF in Paper II; capsules sizes
were about 3 mm.
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Tween 20, a surfactant was added for improved permeability of the capsule membranes and to
avoid rupture due to carbon dioxide gas during the fermentation. The capsules’ gel
membranes were allowed to solidify for 10 min after which they were washed with sterile
water and thereafter immersed in 1.3% (w/v) CaCl2 for 20 min for hardening. To further
strengthen the capsules, the capsules were submerged in a sterile acetate buffer (0.04M)
solution at pH 4.5, containing 0.2% (w/v) low molecular weight chitosan (Product number
448869, Aldrich) and 0.3 M CaCl2. Chitosan incorporation into the matrix of the capsules’
membrane was performed for 24 h at 30°C with constant agitation at 140 rpm.

50

CHAPTER 6
IMPROVED ETHANOL PRODUCTION USING SSFF

An important goal in the work presented in this thesis was to develop, apply and present a
new concept of lignocellulosic ethanol production with a hypothesis of improving the ethanol
production yield through optimisation of both the hydrolysis and fermentation processes and
consequently enhance economic feasibility of the lignocellulosic ethanol production process.
Simultaneous saccharification filtration and fermentation (SSFF) improved the lignocellulosic
ethanol process, by allowing separate optimum conditions in the hydrolysis and fermentation
units. The glucose yield during the enzymatic hydrolysis was improved, resulting in improved
ethanol yield. During the SSFF, with spruce slurry at 10% SS and flocculating strain as the
fermenting organism, ethanol yield of 85% of the theoretical yield was achieved, while 90%
was achieved with wheat straw slurry and xylose fermenting strain (Papers I and II).

6.1

Possibility of cell reuse for several SSFF batches

The fermenting culture was successfully reused for five different batches of SSFF; after each
batch the concentrations of residual glucose and ethanol show that fermentation was efficient
and that the fermenting culture can be further reused, see Table 5 (Paper I). Ability to reuse a
particular fermenting culture can reduce the overall processing cost since fresh cells are not
needed for each fermentation batch. However, lactic acid production from second batch
indicates bacterial infection and some carbohydrate loss. This indicates that there is need for
proper infection control and process monitoring after each SSFF batch (Paper I).
It was observed that SSFF process not only enhanced cell reuse, but also preserved the
viability and vitality of the fermenting yeast cells. With SSFF, there were no major changes in
the colony forming units (CFU) throughout the fermentation (Figure 24), whereas the CFU as
well as the total number of cells decreased continuously during the SSF until 94 h (Figure 24).
About 87% loss in viability and more than 80% decrease in the cell concentration were
observed during SSF, see Figure 24 (Paper II).
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Table 5: Concentrations of residual glucose, ethanol and lactic acid after each SSFF batch. A
culture of flocculating strain of S. cerevisiae was reused in the fermentation reactor for five
sequential batches of SSFF.
SSFF Batches

Residual
Ethanol
glucose (g/L) (g/L)
Batch 1
1.2
29.5
Batch 2
0.1
31.3
Batch 3
0.5
34.6
Batch 4
ND*
28.7
Batch 5
ND*
27.5
ND* = Not detected. Adapted from Paper I.

10

Lactic acid
(g/L)
ND*
4.3
8.5
15.7
12.2
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Figure 24: Logarithm values of (a) colony forming units (CFU)/mL and (b) cell numbers/mL of the
xylose fermenting S. cerevisiae during SSFF and SSF processes at 10% suspended solids
(Paper II).
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6.2

Comparison of SSFF with traditional SSF using spruce slurry

Comparison of SSFF with conventional process of SSF on spruce slurry shows similar
ethanol yields (Figure 25). SSFF resulted in 85% ethanol yield of the theoretical value while
SSF resulted in 85.3% (Paper I). However, it is an indication that SSFF can be further
improved since there is no need for supplying fresh fermenting culture to every batch. In
addition, another hypothesis was proposed that if SSFF process was able to handle different
lignocellulosic feedstock with a fermenting organism that can ferment both hexose and
pentose sugars, bacterial contamination could be eliminated and ethanol yield can be further
improved.
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Figure 25: Comparison of ethanol produced per supplied amount of pretreated spruce SSFF and
SSF (Adapted from Paper I).

6.3

Simultaneous utilisation of glucose and xylose through SSFF

The SSFF process was applied on wheat straw slurry, a xylose dominated lignocellulosic
material, at 10% SS using a xylose fermenting yeast strain in encapsulated form as the
fermenting organism. The results show a remarkable improved ethanol production compared
to SSF, see Figure 26 (Paper II).
53

SSF
(a)

40
30

30

20

20

10

10
0
40

Ethanol and Lactic acid Conc.
(g/L)

0
40

(d)

(c)
30

30

20

20

10

10

0

0
8

Furfural Conc. (g/L)

(b)

40

(e)

6

1

8

(f)

0.8 6

0.8

0.6

0.6

4

4
0.4

0.4
2

0.2

0

0
0

20

40
60
Time (h)

80

1

2

HMF Conc. (g/L)

Glucose and Xylose Conc. (g/L)

SSFF

0.2

0

0
0

20

40

60
Time (h)

80

Figure 26: Concentration (g/L) profiles of sugars, metabolites and inhibitors from 10% suspended
solids during SSFF (a, c, e) and SSF (b, d, f) experiments. Glucose and xylose are represented
by (●) and (○), respectively, in (a) and (b). Ethanol and lactic acid are represented by (♦) and (◊),
respectively, in (c) and (d). Furfural and HMF are represented by (□) and (■), respectively, in (e)
and (f). Slurry was added using the fed-batch approach during the SSF while batch approach was
used during the SSFF (Paper II).
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Glucose and xylose were simultaneously utilised; up to 80% of the xylose was consumed with
complete glucose utilisation (Figure 26a). In comparison with previous studies, 80% xylose
uptake achieved with SSFF is higher than 69% reported by Erdei et al. [163], 74% reported by
Linde [164] and 56% reported by Westman et al. [165]. This suggests that SSFF allows for
higher utilisation of available sugars than other existing methods (Paper II).
Ethanol concentration of 37.1 g/L was produced (Figure 26c), which is equivalent to 90%
ethanol yield of the theoretical value. The maximum possible ethanol yield in lignocellulosic
ethanol process was achieved during SSFF with simultaneous glucose and xylose utilisation,
which is an important factor for broad range of biomass utilisation. The achieved ethanol
yield of 90% from 10% SS with SSFF is higher than the levels achieved with separate
hydrolysis and co-fermentation (86%) [163], also higher than the levels reached with
simultaneous saccharification and co-fermentation (69%) [166] and continuous fermentation
(75%) [167]. In comparison with conventional method of SSF, highest ethanol concentration
of 21.9 g/L was observed (Figure 26d), equivalent to just 53% ethanol yield of the theoretical
value. An indication that SSFF improved the ethanol yield by 37% more than SSF for the
wheat straw slurry (Paper II).
Other observed advantages of SSFF over SSF was reduced lactic acid formation, which
further improved when the cells were reused for the second time, indicating that SSFF process
provided a way of selective wash out of bacterial contaminants to the hydrolysis reactor
where the temperature is not favourable for their growth (50°C), while the yeast is retained in
the fermentation reactor. Only 3.5 g/L and 0.3 g/L lactic acid concentration were produced
during SSFF with first and second usage of cells, respectively, whereas 4.5 g/L was produced
during SSF (Paper II). Faster and complete in-situ detoxification of the inhibitors (HMF and
Furfural) was also observed during SSFF (Figure 26e), while there was still residual HMF
after SSF, see Figure 26f (Paper II).

6.4

High solids loading fermentation with SSFF

Higher solids loading of 12% SS was examined during SSFF and SSF. Increasing the solids
loading to 12% SS resulted in highest ethanol concentration of 39 g/L (Figure 27a), which
corresponds to 77.3% of the theoretical yield during SSFF, a lower value compared to the
yield obtained from 10% SS (Paper II). However, it is an indication that higher solids
loading could be handled during SSFF even with a xylose fermenting yeast strain. SSF, on the
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other hand, had serious challenges with 12% SS solids loading using the xylose fermenting
strain. SSF resulted in very low ethanol yield with only 13.4 g/L ethanol concentration
(Figure 27b) observed as the highest concentration, which corresponds to just 26.6% of the
theoretical yield (Paper II).
During SSFF, glucose was completely consumed even with 12% SS, and 36% xylose uptake
was observed (Figure 27a). Fermentation was only observed within the first 16 h of SSF when
there was a slight decrease of glucose concentration from 13 g/L to 7.6 g/L, see Figure 27b
(Paper II) after which the glucose concentration continuously increased due to glucose
production from the hydrolysis without fermentation any longer. There was no xylose uptake
during SSF throughout the fermentation with 12% SS (Figure 27b); an indication that
catabolite repression could have affected the metabolic activity and consequently stressed the

Glucose, xylose and ethanol concentrations (g/L)

fermenting organism during SSF (Paper II).

60

(b)

(a)

40

20

0
0

20

40
Time (h)

60

80

0

20

40

60

80

Time (h)

Figure 27: Concentrations (g/L) of sugars and metabolites from 12% SS experiments during: (a)
SSFF and (b) SSF. Glucose is represented by (●) xylose (○) and ethanol (♦) in both (a) and (b).
Slurry was added using the fed-batch approach during the SSF while batch approach was used
during the SSFF (Paper II).
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CHAPTER 7
CONCLUDING REMARKS AND FUTURE DIRECTIONS

7.1

Concluding remarks

Despite about three decades of intensive research on lignocellulosic ethanol production
processes, it is yet to be available on commercial basis, although there are some pilot plant
operations. Main challenges include: the recalcitrant nature of the lignocellulosic materials,
which demands efficient pretreatment methods, sub-optimal processing conditions and
bacterial contamination; these factors reduce the overall ethanol yield. The studies presented
in this thesis investigate how to overcome the above stated challenges and consequently
improve lignocellulosic ethanol production processes. Implementation of these findings will
facilitate commercial feasibility of lignocellulosic ethanol production.
The major findings in the studies presented in this thesis are summarised as follows:


A novel method of lignocellulosic ethanol production SSFF was developed, applied and
presented. The method has several advantages over conventional methods; it allows
optimum process conditions in both the hydrolysis and fermentation reactors, uses
membrane for filtration of sugars to the fermentation reactor and allows cell reuse for
several batches. SSFF can potentially replace conventional methods of lignocellulosic
ethanol production.



Application of SSFF process facilitated simultaneous utilisation of glucose and xylose and
led to 80% xylose consumption; this resulted in 90% ethanol yield of the theoretical value.
In contrast, no xylose consumption was observed and only 53% ethanol yield was
produced during the conventional SSF.



SSFF also preserves the viability and vitality of the pentose fermenting yeast even after
the culture is reused. In-situ detoxification of HMF and furfural was faster and complete
during SSFF than the conventional SSF. Lactic acid production was minimised during
SSFF.



High solids loading of 12% SS minimised bacterial contamination during lignocellulosic
ethanol production processes without affecting the fermentation by the yeast and resulted
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in 47 g/L ethanol concentration. Only 3 g/L lactic acid concentration was produced during
12% SS while 36 g/L and 43 g/L was produced during 8% and 10% SS, respectively.


Phosphoric acid pretreatment and its combination with biological pretreatment using
white rot fungi improved the ethanol yield of OPEFB, a lignocellulosic residue from palm
oil processing from 15% to 89% and 63%, respectively.

7.2

Future directions

The studies presented in this thesis have contributed to solving some challenges facing
ethanol production from lignocelluloses. If the methods developed in this thesis could be
applied, the challenges of hydrolysis and fermentation at sub-optimal conditions, bacterial
contamination, low ethanol yield could be eliminated, facilitating economic feasibility of
lignocellulosic ethanol production.
The following investigations will be useful for further development of the SSFF process and
process optimisation of lignocellulosic ethanol production.


Investigation of SSFF on a continuous mode of fermentation will be beneficial in order to
increase the productivity of the process. In order to improve the water economy of the
process and reduce distillation cost, higher solid loading of about 20% SS should be
evaluated using the SSFF process. Techno-economic evaluation of the SSFF process is
also needed for economic comparison with other process options.



It will be interesting to combine SSFF with submerged membrane bioreactors on the
fermentation unit as a method of cell retention instead of flocculation and encapsulation
used in theses studies. Co-cultivation of different ethanol producing microorganisms
could increase biomass utilisation in lignocellulosic ethanol production, which should also
be investigated with SSFF.



Since pure lignin is obtainable using the SSFF process, the process should be applied with
a biorefinery approach, for production of other value added products apart from ethanol.



Biological pretreatment should be investigated on different lignocellulosic materials



Establishment of a resource recovery laboratory for the recovery of value added products
such as ethanol and biogas from waste streams and agricultural residues in Nigeria is
highly recommended in order to implement the knowledge gained from this research in
the Nigerian society.
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a b s t r a c t
Simultaneous sacchariﬁcation, ﬁltration and fermentation (SSFF) was developed for lignocellulosic ethanol production. In SSFF, pretreated lignocellulosic material is enzymatically hydrolyzed in a reactor, while
the suspension is continuously pumped through a cross-ﬂow membrane. The retentate goes back to the
hydrolysis vessel, while a clear sugar-rich ﬁltrate continuously perfuses through the fermentation vessel
before it is pumped back to the hydrolysis vessel. The capacity and life span of the cross-ﬂow ﬁlter module was examined for 4 weeks using enzymatically hydrolyzed slurry, initially with 14.4% suspended solids, without clogging or fouling. An ethanol yield of 85.0% of the theoretical yield was obtained in SSFF
and a ﬂocculating strain of Saccharomyces cerevisiae was successfully reused for ﬁve cultivations of SSFF.
 2013 Elsevier Ltd. All rights reserved.

1. Introduction
Bioethanol sticks out as the most important renewable fuel in
the transportation sector in a global perspective, as its production
reached 88.7 billion liters in 2011 (Renewable Fuels Association,
2011). However, concerns regarding future supply of raw mate-
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rial for ethanol have triggered extensive research to broaden its
raw material base, to include lignocellulosic materials. This technology is referred to as 2nd generation ethanol and has the potential to reduce greenhouse gas (GHG) emission with up to
86% in its wheel to well analysis (Wang et al., 2007). Lignocellulosic ethanol also requires a lower input of energy in its production process compared to starch derived ethanol (Farrell et al.,
2006). Ethanol from lignocelluloses can be produced via (a) pretreatment to open up the crystalline structure of the biomass, (b)
enzymatic hydrolysis of cellulose and hemicellulose, (c) fermentation of the sugars to ethanol, and (d) ethanol puriﬁcation
by e.g. distillation and dehydration. Lignocellulosic ethanol
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production is however associated with the recalcitrant structure
of the lignocellulosic biomass. This necessitates the use of a process, which can optimize the hydrolysis and fermentation
process.
The enzymatic hydrolysis and the fermentation can be carried
out by separate hydrolysis and fermentation (SHF) or simultaneous
sacchariﬁcation and fermentation (SSF). SHF allows the fermentation and hydrolysis to be performed at separate conditions; hence
the fermenting organism and the enzymes can be used at independent optimum temperature and pH. However, SHF results in enzyme inhibition by the hydrolysis products, i.e. as the hydrolysis
progresses, the sugar concentration in the hydrolysis bioreactor increases. This can reduce the efﬁciency of the cellulase enzymes
used (Tengborg et al., 2001; Söderström et al., 2005), which may
reduce the efﬁciency of the hydrolysis. SSF is an alternative in
which both the hydrolysis of the pretreated biomass and the fermentation to ethanol takes place in the same bioreactor. This approach requires a compromise between the optimum conditions
of the enzymatic reaction and the fermenting organism. An advantage of SSF is that the glucose from the hydrolysis is immediately
consumed by the fermenting organism and product inhibition of
the enzymes during the hydrolysis is avoided (Wingren et al.,
2003). However, a major drawback of the SSF is that the fermenting organism cannot be recirculated since it is mixed with the biomass (Taherzadeh and Karimi, 2007; Olofsson et al., 2008; TomásPejó et al., 2008).
Simultaneous sacchariﬁcation, ﬁltration and fermentation
(SSFF) seems to be an advantageous alternative to both SHF and
SSF, since the problem of enzyme inhibition can be avoided. In
addition, both the enzyme cocktail and the fermenting organism
in SSFF can be used at their different optimal conditions. Furthermore, it would be possible to reuse the fermenting organism several times.
The aim of this work was to assess and present a new concept
‘‘simultaneous sacchariﬁcation, ﬁltration and fermentation
(SSFF)’’, which thus circumvents the disadvantages of both SSF
and SHF. With SSFF, pretreated lignocellulosic slurry is exposed
to the enzymes and a sugar-rich ﬁltrate is transferred to the fermentation by cross-ﬂow ﬁltration. Fermented liquid is pumped
back to the hydrolysis vessel, while a culture of a ﬂocculating
strain of Saccharomyces cerevisiae is retained by settling (Fig. 1).
In addition, this work includes a comparison of SSFF and SSF
and also an assessment of a couple of potential weak spots of
SSFF; the lifetime of a cross-ﬂow membrane in cellulose-rich
slurry, and the risk for infection in a yeast culture which is used
for several batches.
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2. Methods and SSFF development
2.1. Lignocellulosic materials
Spruce chips, a softwood lignocellulosic biomass from Swedish
forests were used. The chips were chemically pretreated with SO2
impregnation and exposed to a pressure of 22 bars, and temperature of 215 C for 5 min (SEKAB E-Technology, Sweden) and delivered as slurry, consisting of a liquid fraction and ﬁne particles. It
had pH 2.0, 15.9% suspended solids (SS) and 23.8% total solids
(TS). The slurry was stored in a cold room of 5 C until use. The
composition of the liquid fraction of the slurry was 22.8 g/L glucose, 25.3 g/L mannose, 13.7 g/L xylose, 5.8 g/L galactose, 4.7 g/L
arabinose, 5.7 g/L acetic acid, 1.8 g/L HMF, and 2.0 g/L furfural.
The solid fraction of the slurry had 46.5 ± 0.1% cellulose,
46.1 ± 0.3% acid insoluble lignin (AIL), and 5.01 ± 0.1% acid soluble
lignin (ASL).
The theoretical ethanol yield from this lignocellulose was calculated based on 51% of the total fermentable carbohydrates with a
conversion factor of 1.11 for cellulose in the solid fraction. Assuming 1.0 g/cm3 density for the solid fraction and taking the dilution
effect of the fermenting vessel (initially without ethanol) into account, 36.6 g/L ethanol can in theory be reached in the SSFF experiment with 10% SS. The corresponding level for the experiment
with 12% SS is 43.8 g/L.
2.2. Enzymes and yeast strain
Cellic CTec3 enzyme (Novozymes, Denmark) was used for the
hydrolysis. A ﬂocculating strain of yeast S. cerevisiae CCUG 53310
(Culture Collection University of Gothenburg, Sweden) was used
in the experiments. The yeast was maintained at 4 C on YPD agar
plate containing 20 g/L agar (Scharlau), 20 g/L D-glucose (Scharlau),
10 g/L yeast extract (Scharlau) and 20 g/L peptone (Fluka). Prior to
fermentation, 100 mL preculture in YPD medium containing 20 g/L
D-glucose, 20 g/L peptone and 10 g/L yeast extract in 250 mL ﬂask
was provided. This was incubated in a shaking water bath (Grant
OLS 200, Grant instrument Ltd, UK) at 121 rpm and 30 C for 24 h.
2.3. Simultaneous sacchariﬁcation ﬁltration and fermentation (SSFF)
In SSFF, fermentation broth is circulated between the hydrolysis
and fermentation vessels. Pretreated slurry is mixed with enzymes
and pumped through a cross-ﬂow membrane, so that a clear sugarrich ﬁltrate reaches the fermentation vessel. Simultaneously, the

Fig. 1. Schematic representation of SSFF integrated process.
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volumes are kept in balance by pumping fermented liquid back to
the hydrolysis vessel (Fig. 1). Retention of the fermenting culture is
necessary and is facilitated by the use of a ﬂocculating yeast strain.
Through an internal settler (10 mL syringe of 1.5 cm internal diameter) in the fermentation reactor for sedimenting the culture
(Fig. 1), the fermented liquid is pumped back to the hydrolysis
reactor. The SSFF is composed of three parts of hydrolysis, ﬁltration
and fermentation (Fig. 1).

out of the membrane. Diluted pretreated slurry (5%, 7.5%, 10%,
11%, 12%, 13% and 14%) was successfully pumped through the ﬁltration device without clogging. Finally, slurry adjusted to 14.4%
SS concentration was enzymatically prehydrolysed and used to
evaluate how long the membrane can be used for effective ﬁltration of the glucose until clogging or fouling occurs.

2.3.1. Hydrolysis
The hydrolysis was carried out using a 2.5-L reactor (Infors
AG107504, Minifors, Switzerland) with 10%, 12% SS and a total volume of 1690 mL, 1500 mL respectively. The pH was adjusted to 5.0
and automatically controlled with adding 2 M NaOH, temperature
set at 50 C, agitated at 500 rpm, 35 FPU/g SS enzyme load was
used for 10% SS and 12 FPU/g SS was used for 12% SS. Enough antifoam (Silicone) was used in the experiments. Pre-hydrolysis was
carried out for 24 h, followed by SSFF at 50 C. The pre-hydrolysis
was a measure to reduce the viscosity of the slurry in order to
avoid clogging of the ﬁltration device. Backwash was applied on
the concentrate pump at 1 h intervals for the ﬁrst 24 h of integration to prevent clogging. For 10% SS, the experiments were carried
out in duplicates and the average values are reported.

In order to evaluate the ability of the ﬂocculating yeast strain to
ferment glucose in the ﬁltrate, a capacity test was performed on
the fermentation part of SSFF set up using the liquid fraction of
the spruce slurry as carbon source. Different dilution rates from
0.1–0.225 h1 were used, each of the dilution rate was observed
for 24 h, and then samples were taken and analyzed for glucose,
mannose, xylose, ethanol, glycerol and acetic acid. This is to see
how well the glucose can be consumed and converted to ethanol
at different dilution rates from the ﬁltration unit, and how long
the cells can be used for fermentation.

2.3.2. Filtration
A ﬁlter membrane module (MD 015 TP 2 N, Microdyn-Nadir,
Germany) made of polyethylene with a polypropylene housing
was used in a cross-ﬂow microﬁltration, which is ﬁltration through
the micropores in the ﬁlter module in a perpendicular direction to
the ﬂow inside. The ﬁlter module had an inner diameter of 5.5 mm,
pore size of 0.2 lm, an effective ﬁltration area of 0.025 m2 and a
free ﬂow area of 0.24 cm2. The membrane was hydrophilazed with
ethanol before use. A peristaltic pump (405U/L2 Watson-Marlow,
Sweden) was used to pump the enzyme–slurry mixture (hereafter
referred to as concentrate pump) from the hydrolysis reactor into
the ﬁlter module at ﬂow rate of 0.8 L/min. Another peristaltic
pump (120 S/DM2 Watson-Marlow, Sweden) was used to pump
the permeate out of the ﬁlter module (hereafter referred to as permeate pump) to the fermentation part initially at a ﬂow rate of
1.1 mL/min and gradually increased up to 2.9 mL/min (which corresponds to a dilution rate of 0.2–0.6 h1) in order to balance efﬁcient uptake in the fermentation vessel. The retentate was
circulated back to the hydrolysis reactor. Periodic chemical backwash, in reverse ﬂow direction to the cross-ﬂow microﬁltration
using 0.5 M NaOH was used on the membrane after each experimental run to regenerate the pores of the ﬁlter membrane module.
2.3.3. Fermentation
The fermentation was carried out in a 1.5 L bioreactor (Biostat
B plus 8843414 Satorius, Germany) with a working volume of
300 mL. Prior to SSFF, the ﬂocculating yeast strain was aseptically
transferred from the preculture to a sterile YPD medium and cultivated in 1 L medium up to 4 g/L yeast cells at pH of 5.0, 30 C, agitated at 90 rpm and aerated with sterile air at 11.2 vvm.
Afterwards, the volume was reduced to 300 mL while the stirrer
was switched off and thus the ﬂocculating yeast culture was concentrated. The whole SSFF process, consisting of the three integrated units, was carried out for 96 h.
2.4. Filtration capacity test
In order to evaluate the SSFF process, a ﬁltration capacity test
was performed on the ﬁltration unit to determine what solid concentration can be pumped through and the lifetime of a cross-ﬂow
membrane. Tap water was initially used to examine the ﬂow rate
of water in the membrane and ﬂow rate of water as permeate

2.5. Fermentation capacity test

2.6. Simultaneous sacchariﬁcation and fermentation (SSF)
In order to compare with SSFF, SSF of the same lignocellulosic
slurry was performed. A commercial strain of yeast S. cerevisiae
(Ethanol Red, Fermentis, France) was used, and the SSF was carried
out using a 2.5 L bioreactor (Minifors, Infors AG, Switzerland). The
total volume in the reactor was 1690 mL consisting of 10% suspended solids. The pH of the slurry was adjusted to 5.0 using
2 M NaOH, stepwise addition of the neutralized slurry was used.
Ammonium sulfate (Scharlau) 3.2 g and Yeast extract (Scharlau)
1.2 g was used as nutrient source for the yeast, deionized water
was used to adjust the total volume to 1690 mL and enough antifoam was added. The temperature was set at 35 C, 6.4 g of the
yeast and 35 FPU/g SS enzyme was added and agitation was provided at 500 rpm. The experiments were run in duplicates and
the average values reported. The SSF was conducted during 96 h
and the samples was taken at 4 h intervals and analyzed for glucose, xylose, ethanol, glycerol and acetic acid.
2.7. Analytical methods
Cellulose, hemicelluloses and lignin of the solid fraction of the
slurry were determined according to NREL protocols (Sluiter
et al., 2011). The slurry was ﬁrst centrifuged at 4000g for 5 min
to separate the solid and the liquid fractions. The solid fraction
was washed with 40 mL deionized water thrice to neutral pH
and then freeze-dried (Labconco, USA) at 52 C until its moisture
content was reduced to less than 10%. It was then hydrolyzed in
two steps using 72% H2SO4 in a shaker water bath at 30 C for
60 min, followed by hydrolysis by 4% H2SO4 in an autoclave at
121 C for 60 min. Acid soluble lignin (ASL) was determined using
a UV spectrophotometer (Libra S60, Biochrom, England) at 283 nm.
Acid insoluble lignin (AIL) was gravimetrically determined as
residual solid after hydrolysis corrected with ash content. The
ash content was determined in the mufﬂe furnace at 575 C overnight. Monomeric sugars contained in the hydrolysis liquid were
determined by HPLC.
The sugars and metabolic products were analyzed using an
HPLC (Walters 2695, Walters Corporation, Milford, USA). A hydrogen-based column (Aminex HPX-87H, Bio-Rad, Hercules, USA) at
60 C and 0.6 mL/min 5 mM H2SO4 as eluent was used for the glucose, furans, carboxylic acids, ethanol, lactic acid and glycerol.
Mannose, glucose, galactose, xylose and arabinose were analyzed
using Aminex HPX-87P column (Bio-Rad) at 85 C and 0.6 mL/
min ultrapure water as eluent. A UV absorbance detector (Walters
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2487), operating at 210 nm wavelength was used in series with a
refractive index (RI) detector (Walters 2414).
3. Results and discussion
In this newly developed SSFF process (Fig. 1), the advantages of
SSF and SHF are combined. The yeast cells and the enzymes were
used at different optimal conditions in two different reactors. The
glucose released during the hydrolysis passes through the ﬁlter
membrane, and is assimilated by the yeast cells in the bioreactor
to form ethanol, while the liquid is continuously recirculated between the hydrolysis and fermentation vessels. It results in low
glucose concentration in the hydrolysis reactor, and continuous
fermentation for the glucose released. SSFF provides the possibility
to reuse the fermenting cells, which is crucial for a successful ethanol production process (Brandberg et al., 2007).
SSFF is also associated with some potential obstacles, which
must be examined. The capacity and life span of the ﬁlter module
in the ﬁltration unit must be assessed as well as the long time fermentation performance of the fermentation unit. These hurdles
have been assessed in this work and the limits and how the method can be successfully applied using a ﬂocculating yeast strain
were determined. Higher solid loading (12% SS) was also successfully applied with SSFF. A problem with clogging inside the ﬁlter
module occurred during the ﬁrst 24 h of integration, but this was
solved by applying a backwash ﬂow on the concentrate pump at
an interval of 1 h during the ﬁrst 24 h of integration.
3.1. Solid loading and durability of the ﬁltration device
In examining the capacity of the ﬁltration device, the polypropylene ﬁlter membrane module was found to be used comfortably
for ﬁltration of the pretreated spruce of different suspended solids
(SS) up to 14% (Fig. 2a). It was also observed that the concentrate
pump should be used at a ﬂow rate at least 800 mL/min to facilitate

Flow rate (L/min)

(a)
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the ﬂow inside the ﬁlter membrane and prevent clogging. This is
equivalent to 0.56 m/s of cross-ﬂow velocity over the membrane,
assuming plug ﬂow. On the other hand, it was advantageous to
use the permeate pump at a very low ﬂow rate of 1–4 mL/min in
order to reduce the rate of fouling in the membrane and to prolong
the membrane life span.
The durability of the membrane was examined by successful ﬁltration of enzymatically treated slurry with an initial SS content of
14.4% during 28 days (Fig. 2b). For this purpose, the prehydrolysed
slurry was pumped through the ﬁltration unit continuously with a
concentrate ﬂow of 800 mL/min and an initial permeate ﬂow rate
of 3.7 mL/min was applied. The permeate ﬂow rate was observed
to decrease sharply within the ﬁrst 5 days followed by a ﬂuctuation
around 2 mL/min and eventual leveling out without clogging or
fouling of the ﬁlter module. This is probably an indication that SSFF
can be applied for a continuous process also on industrial scale,
and a cross-ﬂow ﬁltration can be applied with this kind of substrate for extended periods of time without regeneration.

3.2. Repeated batches of SSFF and dilution effect on the fermentation
unit
The real potential of SSFF can in principle only be assessed in a
series of experiments, where the dilution effect of the ﬁrst experiment is eliminated and the potential of the fermenting culture is
assessed in several consecutive batches. Such a series was carried
out (Table 1), no washout of the fermenting culture was observed
and judging from the absence of residual glucose from batch 2 and
onwards, the fermentation was efﬁcient. In addition, no fouling of
the membrane was observed in this series of the experiments. The
apparent difﬁculty to reproduce the level of ethanol at the end of
each experiment might be attributed to evaporation of ethanol
and to an infection, which got foothold in the second batch. Infections frequently occur in processes with continuous fermentation
and SSFF may not be an exception, this is why the problem must
be addressed in future work.
Fig. 3 shows the results of sugar consumption and production of
metabolites at different dilution rates as an evaluation of the fermentation capacity of cells with sugar supply from the ﬁltration
unit. The highest ethanol concentration (33.9 g/L) during the fermentation capacity test was obtained at a dilution rate of
0.125 h1. Higher dilution rates resulted in accumulation of glucose in the bioreactor. In an industrial context, the dilution rate
should be regulated in relation to glucose uptake capability range
of the fermenting organism for a good ethanol yield and
productivity.

Suspended Solids (%)
3.3. SSFF evaluation and comparison with SSF

Flow rate (mL/min)

(b)

Time (Days)
Fig. 2. Flow rates of (a) 5%, 7.5%, 10%, 11%, 12%, 13% and 14% SS of the slurry
through the ﬁlter membrane module, and (b) permeate through the membrane
module during a 4-weeks experiment.

3.3.1. SSFF base case evaluation
SSFF was successfully examined with 10% SS pretreated spruce
and 35 FPU/g SS enzyme dosage. The result (Fig. 4) shows that
31.1 ± 1.2 g/L ethanol was observed in the hydrolysis reactor after
96 h processing with SSFF, corresponding to 85.0% of the theoretical level. This corresponds well with the reported values in literatures (Survase et al., 2011; Mohsenzadeh et al., 2012). The glucose
concentration after 24 h prehydrolysis was 49.4 ± 1.0 g/L, suggesting that 64% of the cellulose in the solid fraction was hydrolyzed.
More glucose was released during the continuation of the experiment, but all fermentable sugars were nearly depleted after 96 h
of SSFF. The lactic acid concentration was almost constant until
76 h and then increased, indicating a bacterial infection. The level
of acetic acid increased from 3 to 5 g/L, while the glycerol concentration remained below 2.2 g/L (data not shown).
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Table 1
Fermentation ability evaluation of the yeast strain used in several sequential batches of SSFF.

⁄

SSFF batches

Cultivation 1

Cultivation 2

Cultivation 3

Cultivation 4

Cultivation 5

Time (h)
Residual glucose (g/L)
Ethanol (g/L)
Lactic acid (g/L)

76
3.5
28.3
ND

78
0.1
31.3
4.3

96
0.5
34.6
8.5

96
ND⁄
28.7
15.7

92
ND⁄
27.5
12.2

ND = Not Detected

Concentration (g/L)

Ethanol yield (g/Kg slurry)

(a)

Concentration (g/L)

(b)
Time (h)
Fig. 5. Comparison of ethanol produced per supplied amount of slurry (15.9% SS) in
SSFF (s) and SSF (d).

Table 2
Yield of ethanol, glycerol, lactic acid and residual concentrations of glucose and xylose
per added g slurry (with 15.9% SS) after 76 h of SSFF and SSF respectively.

Dilution rate (h-1 )
Fig. 3. Fermentation capacity test at different dilution rates. The symbols represent
ethanol (�), acetic acid (), glycerol (e) and glucose (d), mannose (j) and xylose
(N).
⁄

Metabolites & residual sugars (g/kg slurry)

SSFF

SSF

Ethanol
Glycerol
Lactic acid
Glucose
Xylose

51.3 ± 2.3
2.7 ± 0.2
9.6 ± 2.0
1.5 ± 0.3
3.7 ± 0.9

55.1 ± 1.4
9.8 ± 0.1
ND⁄
ND⁄
9.5 ± 0.2

ND = Not Detected

Glucose and metabolites
concentrations (g/l)

Table 3
Characterization of the raw slurry, during and after SSFF process.

Time (h)
Fig. 4. Glucose and metabolites concentrations in the hydrolysis reactor during
SSFF base case with 10% SS and 35 FPU/g SS enzyme loading. Prehydrolysis without
any fermentation is carried during the ﬁrst 24 h. Ethanol is represented by (d),
glucose (�), lactic acid (N) and glycerol (+).

3.3.2. Traditional SSF versus SSFF
SSF and SSFF were carried out with the same amount of slurry
and the respective results are compared in Fig. 5. If measurements
at 68 and 72 h of fermentation are considered, a nearly identical
amount of ethanol production is observed, on average corresponding to 84.2% and 85.3% of the theoretical yield for SSFF and SSF,
respectively. This observation indicates that SSFF produces almost

Slurry

Cellulose (%)

ASL (%)

AIL (%)

Total lignin (%)

Initial slurry
Prehydrolysis (0 h)
Prehydrolysis (24 h)
SSFF (96 h)

46.7 ± 0.1
46.7 ± 0.4
39.0 ± 1.0
24.1 ± 1.1

5.0 ± 0.0
4.8 ± 0.1
4.1 ± 0.0
2.8 ± 0.0

46.0 ± 0.3
45.6 ± 0.3
54.7 ± 0.0
71.0 ± 0.0

51.3 ± 0.3
50.4 ± 0.4
58.9 ± 0.0
73.9 ± 0.1

the same amount of ethanol as SSF with the same input of enzymes
and carbohydrates. Furthermore, the amount of xylose at the end
of SSF was higher than in SSFF which implies that more sugars
was consumed during SSFF than SSF (Table 2), which is most likely
due to lactic acid formation in SSFF. Glycerol formation in SSFF was
also lower compared to SSF, possibly due to the different chemical
environment or the use of a different fermenting strain. It can also
be speculated that the physical stress of solid particles in SSF has
an impact. Similar ethanol yields can be interpreted as an advantage for SSFF over SSF, since it is not necessary to supply new yeast
for each batch with SSFF. There is presumably an increased risk of
infection with SSFF as compared to SSF, which is typical for continuous fermentation systems. An economic evaluation, where for instance the increased energy costs are assessed and compared to the
apparent beneﬁts of SSFF was beyond the scope of this study and
need to be investigated in the future.
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3.4. Improvement of SSFF with lower enzyme dosage and higher
suspended solid

the SSFF process, it could potentially replace the conventional
methods of lignocellulosic ethanol production.

The SSFF process was also examined under conditions closer to
an industrial reality by reducing the enzyme load to 12 FPU/g SS
and increasing the SS concentration to 12%.
The ethanol yield as compared to the theoretical level was signiﬁcantly lower, 69.0% after 72 h of SSFF. Ethanol corresponding to
30.2 g/L was produced in the system, but if the dilution effect of
SSFF is compensated for the ﬁgure would rise to 37 g/L, close to
the critical level for industrial implementation (Gnansounou and
Dauriat, 2010). It was also conﬁrmed that this higher SS level could
be handled from a practical point of view, without clogging of the
cross-ﬂow ﬁltration device or fouling of the membrane. Higher
load of solids and reduced enzyme concentration are two important considerations for the economic feasibility of the process
(Modenbach and Nokes, 2012).
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3.5. Carbohydrate composition of the spruce slurry after SSFF
The compositional analysis of the solid fraction of the 12% SS, low
enzyme dosage SSFF experiment during the progress of SSFF
(Table 3) shows that the solid fraction is dominated by cellulose
and lignin and the hemicellulose fraction had been completely
hydrolysed during the pretreatment. It was also observed that after
96 h SSFF, the cellulose fraction was not completely hydrolyzed,
which in theory gives room for further optimization of the hydrolysis. The 24 h prehydrolysis was mainly introduced in the present
study as a measure to reduce the risk for clogging and the prehydrolysis time should be reduced or eliminated in future applications for
higher productivity. Acid insoluble lignin was almost constant as
well as acid soluble lignin throughout the process, which shows that
a more puriﬁed lignin can be obtained from SSFF process.
4. Conclusion
A novel method of lignocellulosic ethanol production called
simultaneous sacchariﬁcation, ﬁltration and fermentation (SSFF)
was developed. SSFF allows the fermenting organism and the enzymes to be used at their optimal conditions; the fermenting cultures can also be reused for several cultivations. An ethanol yield
of 85.0% of the theoretical yield was obtained in SSFF and the ﬁlter
module can be used for ﬁltration for 28 days continuously without
clogging or fouling with an initial SS of 14.4%. By optimization of
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Abstract
Simultaneous glucose and xylose uptake was investigated for ethanol production using the
simultaneous saccharification, filtration and fermentation (SSFF) process with pretreated
wheat straw as a xylose-rich lignocellulosic biomass. A genetically engineered strain of
Saccharomyces cerevisiae (T0936) with the ability to ferment xylose was used for the
fermentations. SSFF was compared with a conventional method of simultaneous
saccharification and fermentation (SSF) for glucose and xylose uptake, ethanol production,
and cell viability on 10% and 12% suspended solids (SS) basis. With 10% SS, an ethanol
yield of 90% of the theoretical level was obtained during SSFF with 80% xylose uptake while
only 53% ethanol yield was observed during the SSF process. Increasing the solid load to
12% resulted in an ethanol yield of 77% of the theoretical value and 36% xylose uptake
during SSFF while only 27% ethanol yield and no xylose uptake was observed during the
corresponding SSF process. The SSFF process preserved the viability of the genetically
engineered yeast throughout the fermentation, even when reused for 2 consecutive
cultivations. Our results show that the SSFF process does not only enhance effective cell
performance but also facilitates simultaneous glucose and xylose utilization, which is
important for efficient ethanol fermentation, consequently this will facilitate economic
feasibility of lignocellulosic ethanol production.

Keywords:
Encapsulation; ethanol; lignocellulosic biomass; Saccharomyces cerevisiae; SSFF; xylose
fermentation
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1. Introduction
Ethanol is an important renewable fuel in the transportation sector that is principally produced
from sugar- and starch-based materials. However, there has been intensive research and
development during the last three decades to produce ethanol from lignocellulosic biomass
from agricultural and forest residues. Commercialization of lignocellulosic ethanol has still
thresholds, leading to high production costs. The hemicellulose of hardwoods and most
agricultural residues have a high content of xylose. This makes xylose fermentation an
important factor in lignocellulosic materials for effective conversion of all sugars to ethanol
during the fermentation process. However, baker’s yeast, Saccharomyces cerevisiae,
commonly used in ethanol productions cannot ferment xylose to ethanol [1, 2]. One solution
to this problem is the use of genetically engineered S. cerevisiae for xylose metabolism in
order to ferment xylose-rich feedstock for ethanol production. However, these engineered
yeast strains have generally less affinity e.g. by 200 times for xylose uptake when glucose is
present [3, 4]. Therefore, xylose uptake is usually observed after glucose depletion in the
medium, commonly referred to as sequential utilization of sugars [5]. Several groups have
tried to improve the xylose utilization for lignocellulosic ethanol [1, 6-8]. However, achieving
complete xylose uptake in the presence of glucose for complete sugar utilization has not been
realized yet.

Simultaneous saccharification, filtration and fermentation (SSFF) was recently developed [9].
The process eliminates the disadvantages of separate hydrolysis and fermentation (SHF) and
simultaneous saccharification and fermentation (SSF), and allows both the enzyme and
fermenting organism to be used at their separate optimum conditions. It is an integrated
process that uses membrane technology for filtration between hydrolysis and fermentation.
Pretreated lignocellulosic material together with enzymes is pumped through a cross-flow
3

membrane, the sugar-rich filtrate is gradually transported into the fermentation reactor, and
the retentate as well as the fermentate from the fermentation reactor is circulated back to the
hydrolysis vessel continuously through a pump as shown in Fig. 1. With the possibility of
controlled gradual supply of sugars, SSFF would be a solution for achieving simultaneous
glucose and xylose utilization, complete utilization of xylose and other sugars and will
consequently offer the possibility of using a broad range of different lignocellulosic biomass
for ethanol production with an improved yield.

Reuse of the fermenting microorganism for several different cultivations is also possible with
SSFF [9]. As non-flocculating cells are not easily sedimented, they should be retained in the
bioreactor by e.g. encapsulation [10]. High cell concentration can easily be achieved with the
use of encapsulation, while the encapsulated cells are more tolerant against inhibitors [11],
and can tolerate higher temperature [12]. Recently, Westman (2014) [13] also reported that
encapsulation supports xylose consumption if the concentration of glucose can be kept low in
the capsule.

A previous study with a hexose fermenting S. cerevisiae [14] shows that an increased solid
loading of 12% SS can keep bacterial contamination under control in ethanol fermentations.
Moreover, high solid loading has been suggested for a viable process economy [15].
However, high solid loading in a process may consequently result in a highly inhibitory
medium for genetically engineered yeasts, which are generally more sensitive than regular
strains. Considering the potential of the SSFF process, it seems that even a genetically
modified strain could be used in an inhibitory medium, while the viability and vitality of the
cell is, in relative terms, maintained with encapsulation.
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In this study, the SSFF process was investigated for simultaneous utilization of pentose and
hexose sugars in order to achieve complete sugar consumption and consequently improved
ethanol yield from xylose-rich lignocellulosic materials. A genetically engineered strain of S.
cerevisiae was encapsulated and used as the fermenting organism. The possibility of
eliminating bacterial contamination with the use of high solid loading, the effect of inhibitory
medium on the genetically modified strain was also examined. In addition, this work
compares SSFF with a conventional method of SSF and also evaluates the cell viability
during both SSFF and SSF processes.

2. Materials and Methods

2.1. Lignocellulosic biomass
Wheat straw, an agricultural residue as lignocellulosic biomass from a Swedish farm was
used. This material was chemically pretreated with dilute H2SO4 (0.3–0.5%), at 185°C for 8
min (SEKAB E-Technology, Sweden) and delivered as slurry with pH 1.9, 14.9% suspended
solids (SS) and 22.2% total solids (TS). The slurry was stored in a cold room at 5°C until use.
The composition of the liquid fraction of the slurry is presented in Table 1. The solid fraction
of the slurry had 43.6±0.5% cellulose, 34.8±0.1% acid insoluble lignin, 5.1±0.1% acid soluble
lignin (ASL) and 39.9± 0.2% total lignin determined according to the NREL protocols [16].
The theoretical ethanol yield was calculated based on 0.51 g/g of the fermentable
carbohydrates (in hydrolyzed glucose and xylose form) with a conversion factor of 1.11 for
the hydrolysis of glucan and xylan.
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2.2. Enzymes and Yeast strain
The cellulase Cellic® Ctec2 enzyme (Novozymes, Denmark) was used for the enzymatic
hydrolysis. It had 140 FPU/mL activity, determined according to NREL method [17]. A
genetically engineered strain of Saccharomyces cerevisiae (T0936) was used in all the
experiments. The yeast was maintained at 4°C on a YPD agar plate containing 20 g/L agar, 10
g/L D-glucose, 10 g/L D-xylose, 10 g/L yeast extract, and 20 g/L peptone. Prior to the
fermentations, 100 mL preculture in YPD growth medium containing 25 g/L D-glucose, 25
g/L xylose, 20 g/L peptone and 10 g/L yeast extract in 250 mL flask was provided. This was
incubated in a shake-bath (Grant OLS 200, Grant instrument ltd, UK) at 121 rpm and 30 °C
for 48 h.

2.3. Cells precultivation and encapsulation of the yeast for SSFF process
In order to achieve high cell concentration inside the bioreactor, the preculture was inoculated
into a 2.5 L bioreactor (Infors AG107504, Minifors, Switzerland) at 30 °C, and pH 5.0 using a
YPD growth medium consisting of 17 g/L D-glucose, 33 g/L D-xylose, 20 g/L peptone, 10
g/L yeast extract. Antifoam (1 g/L) and 3.5 g/L KH2PO4 was added. It was then aerated at 4.0
vvm. Cultivation was performed for 48 h producing a cell concentration of 6 g/L.
After the precultivation, the cells were harvested using a centrifuge at 4500 rpm for 5 min.
Then the cells were encapsulated in alginate-chitosan capsules [12]. For the encapsulation, the
yeast pellets were suspended in 35 mL of 1.3% (w/v) sterile CaCl2 solution containing 1.3%
(w/v) carboxymethylcellulose (CMC). The mixture of yeast/CaCl2/CMC was added in drops
with two needles (21Gx 1.5 in) using a peristaltic pump (403U/VM4 Watson Marlow,
Sweden) into a continuously stirred sterile 0.6% sodium alginate solution and 0.1% (v/v)
Tween 20. The capsules were allowed to gel for 10 min after which they were washed with
sterile water and thereafter hardened in 1.3% (w/v) CaCl2 for 20 minutes. Afterwards, the
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capsules were submerged in a sterile acetate buffer (0.04M) solution at pH 4.5, containing
0.2% (w/v) low molecular weight chitosan (Product number 448869, Aldrich) and 0.3 M
CaCl2 for 24 h at 30 °C.

2.4. Simultaneous Saccharification Filtration and Fermentation (SSFF)
The SSFF process was composed of three integrated units of hydrolysis, filtration and
fermentation (Fig. 1). The pH of the pretreated wheat straw (slurry) was adjusted to 5.0 with 2
M NaOH after which the hydrolysis was performed using a 2.5 L reactor (Infors AG107504,
Minifors, Switzerland) with 10% or 12% SS with a total volume of 1800 mL in both cases.
An enzyme loading of 10 FPU/g SS, a temperature of 50°C, and 500 rpm agitation were
applied. A polyethylene cross-flow membrane (MD 015 TP 2N, Microdyn-Nadir, Germany)
having an inner diameter of 5.5 mm and pore size of 0.2 µm was used for the filtration. The
filtrate was pumped to the fermentation reactor initially at a flow rate of 0.45 mL/min and was
then increased gradually up to 6.5 mL/min, corresponding to a dilution rate of 0.045–0.65 h-1.
A bioreactor (Biostat® B plus 8843414 Satorius, Germany) with a 1.5 L capacity was used for
the fermentation at pH of 5.0, temperature of 30 °C, agitated at 150 rpm with a working
volume of 600 mL. The encapsulated yeast cells, 6 g/L, were aseptically transferred into the
bioreactor and a sterile nutrients solution containing 2 g/L (NH4)2SO4, 1 g/L yeast extract,
0.35 g/L KH2PO4 and 0.6 g/L antifoam was added.

In order to avoid clogging of the filtration membrane in this SSFF, automatic regulation of the
pump for pretreated materials was set up where forward flow was applied for every 4 min
followed by a reverse flow for 1 min. This greatly reduced the risk of clogging in the filter
membrane.
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2.5. Simultaneous Saccharification and Fermentation (SSF)
SSF as a conventional process of the same lignocellulosic slurry was performed with both
10% and 12% SS for comparison with SSFF. A 2.5 L bioreactor (Minifors, Infors AG,
Switzerland) was used with a working volume of 1800 mL. As with the SSFF process,
stepwise addition of the neutralized slurry was used to build up to the desired SS of 10% or
12%. Ammonium Sulfate (2 g/L), 1 g/L yeast extract, and 0.35 g/L KH2PO4 was used as
nutrient source for the yeast and 0.6 g/L antifoam was added. SSF was performed at a pH of
5.0, a temperature of 35°C, and enzyme loading of 10 FPU/g SS. Afterwards, the cultivated 6
g/L genetically engineered S. cerevisiae was added.

All SSFF and SSF experiments were conducted during 96 h and run in duplicates, the mean
values of the replicates were reported with error bars indicating standard deviations.

2.7. Analytical methods
Sugars and metabolic products were analyzed using an HPLC (Walters 2695, Walters
Corporation, Milford, USA). A hydrogen-based column (Aminex HPX-87H, Bio-Rad,
Hercules, USA) at 60°C and 0.6 mL/min 5mM H2SO4 as eluent was used for the glucose,
furans, carboxylic acids, ethanol, lactic acid and glycerol. Mannose, glucose, galactose,
xylose and arabinose were analyzed using Aminex HPX-87P column (Bio-Rad) at 85°C and
0.6 mL/min ultrapure water as eluent. A UV absorbance detector (Walters 2487), operating at
210 nm wavelength was used in series with a refractive index (RI) detector (Walters 2414).

The viability of the cells was measured as the number of the colony forming units (CFU) per
mL. The total concentration of cells was estimated with the use of a Bürker counting
chamber. For the SSF samples, the fermentation media was diluted 101–105 times using sterile
8

0.9% NaCl solution. For the SSFF samples, 10 capsules were aseptically withdrawn from the
fermentor, crushed and diluted 105 times. Three plates were prepared for each of the dilution
afterwards; the plates were incubated for 48 hours at 30°C.

3. Results and Discussion
SSFF (Fig. 1) was evaluated on a base case of wheat straw slurry with 10% SS for
simultaneous utilization of xylose and glucose, since it offers a gradual sugar supply into the
fermentation reactor. Retention of the yeast cells is crucial for SSFF; hence encapsulation of
the cells was performed prior to usage during the process. As a conventional method for
lignocellulosic ethanol production, SSF was also performed as a reference. During both SSFF
and SSF, higher solid loading of 12% was also examined for controlling bacterial
contamination as well as evaluation of the genetically engineered yeast strain in an inhibitory
and relatively concentrated medium.

3.1. Comparison of SSFF with conventional SSF on 10% SS basis
For comparison of SSFF with conventional SSF, identical solid loading (10% SS), cell
concentration (6 g/L), and enzyme loading (10 FPU/g SS) were applied. The effect of both
processes on simultaneous xylose and glucose utilization, ethanol production, lactic acid
production (as a measure of bacterial contamination), glycerol production and in-situ
detoxification by the yeast cells were examined.
3.1.1. Xylose and glucose uptake, and ethanol production
Low glucose concentration has previously been stated as a requirement for efficient xylose
uptake [1]. SSFF offers a gradual and controlled supply of sugars to the fermentation reactor,
9

which facilitated the xylose metabolism. During the SSFF, it was observed that both glucose
and xylose concentration decreased simultaneously (Fig. 2a), indicating a simultaneous
utilization of both glucose and xylose during the fermentation. Encapsulation results in a
glucose concentration gradient inside the capsules [13]; which in combination with a gradual
supply of sugar into the fermentation reactor by the SSFF process resulted in an efficient
xylose uptake. After 96 h of SSFF, 80% xylose uptake and complete glucose uptake was
observed (Fig. 2a). This observation indicates that the use of SSFF can greatly improve the
xylose uptake for the genetically modified yeast strain and also facilitate simultaneous
glucose and xylose utilization, which is important for efficient ethanol production from
lignocellulosic biomass. In comparison with previous studies, 80% xylose uptake achieved
with SSFF is higher than 69% reported by Erdei et al. (2012) [6], 74% reported by Linde
(2007) [18] and 56% reported by Westman (2014) [13]. This suggests that SSFF allows for
higher utilization of available sugars than other existing methods.
In contrast, with SSF, the initial xylose concentration of 17 g/L was not consumed; this could
be because the free yeast cells were constantly exposed to glucose directly released from the
hydrolysis of the cellulose fraction. At 96 h of SSF, 19 g/L xylose concentration was observed
(Fig. 2b), which suggests an additional 2 g/L increase in xylose concentration during the
hydrolysis. Apparently, during SSF, ethanol production was mainly from glucose, which was
not even completely utilized after 96 h with a residual concentration of 4 g/l (Fig. 2b),
indicating that xylose was not metabolized at all during the SSF process. SSF experiments
were also performed with encapsulated yeasts cells; the encapsulated yeast cells were added
to the mixture of enzymes and slurry. It was observed that only 25% of the capsules remained
intact after first 6 h of SSF while 75% of the capsules disintegrated within just 6 h, most
likely because of the shear stress caused by agitation and mixing with the solid particles. This
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indicates that encapsulated yeast cells may not be applicable in SSF, another limitation of this
process.
From an identical amount of carbohydrates, the results show that ethanol concentrations of
37.1 ± 0.5 g/L and 21.9 ± 4.7 were produced at 96 h during SSFF and SSF respectively (Fig.
2c and 2d). These values correspond to 90.4% and 53.2% of the theoretical ethanol yield for
SSFF and SSF respectively, an indication that SSFF process improves the ethanol yield for
about 40.0% more than the conventional SSF process. This observation indicates that SSFF is
more advantageous for lignocellulosic ethanol production than conventional SSF. In addition,
SSFF offers the possibility of cell reuse for several batches, which will eventually reduce the
overall processing cost and time of ethanol production. The achieved ethanol yield of 90.4%
from 10% SS with SSFF is higher than the levels achieved with separate hydrolysis and cofermentation (86.0%) [6] and also higher than the levels reached with simultaneous
saccharification and co-fermentation (69.0%) [8] and continuous fermentation (75.0%) [19].
With SSFF, there were no major changes in the CFU concentrations throughout the
fermentation (Fig. 3a), whereas the CFU as well as the total number of cells decreased
continuously during the SSF until 94 h (Fig. 3). About 87% loss in viability and more than
80% decrease in the cell concentration were observed during SSF (Fig. 3). A similar
observation was reported in a previous study with SSF [14], where the observation was
assumed to be linked to the mechanical stress on the cells by the solid particles due to mixing.
The drastic reduction in cell number and vitality could have led to a reduction in the
metabolic activity of the yeast and consequently a lower ethanol yield during SSF.
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3.1.2. Lactic acid and Glycerol Production
Neither SSFF nor SSF showed any lactic acid production in the beginning of the
fermentation. However, as the fermentation progressed, after 24 hours, lactic acid was
observed in both cases. This harmonizes with the fact that the pretreated wheat straw was not
sterilized before usage in order to imitate industrial scale, where it is difficult to have a
perfectly controlled environment without contaminants. However, the rate of lactic acid
production during SSF was higher than during SSFF (Fig. 2c and 2d). The highest lactic acid
concentrations for SSFF and SSF were 3.5 g/L and 4.6 g/L, observed at 96 h and 60 h
respectively. The lower lactic acid production during SSFF was most likely the result of
continuous removal of contaminating microorganisms from the fermentation reactor into the
hydrolysis reactor where the temperature of 50°C was not favorable for their growth. This
indicates that the use of SSFF process could be a way to reduce contamination problems
during lignocellulosic ethanol production.
Glycerol production and biomass growth are naturally linked together; glycerol synthesis has
an important physiological role in yeast metabolism by maintaining the osmoregulation with
the external cell environment and also the intracellular redox balance [20, 21]. The highest
glycerol concentrations observed were 2.7 g/L and 0.7 g/L in SSFF and SSF respectively. It
can be concluded that the SSFF process allows the cell to maintain active metabolic activities
with regular glycerol formation with limited effect on the ethanol yield; an indication that cell
growth was also taking place which aids the viability of the cells. Similar glycerol yield was
also observed during SSFF with hexose fermentation [9].
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3.1.3 In situ detoxification of inhibitory compounds
In-situ detoxification of HMF by the genetically modified yeast was facilitated during SSFF.
Within 72 h, 0.8 g/L of HMF present in the medium was completely converted (Fig. 2e) while
only 54% conversion of HMF was observed in the SSF process (Fig. 2f). This suggests that
SSFF improves in-situ detoxification of HMF. Acetic acid concentration during SSF and
SSFF increased steadily. This acid has a strong pH dependent inhibitory effect. It may be
produced by decomposition of hemicellulose and could also be a product of fermentation
[22], which may explain these observations. Furfural was completely converted after 72 h in
both cases. However, the SSFF process resulted in a more rapid furfural conversion as
observed in Fig. 2e.
3.1.4. Effect of cell reuse during SSFF process
Fresh 10% SS slurry was supplied to the hydrolysis reactor and encapsulated yeast cells from
previous SSFF experiment was reused once in the fermentation reactor to investigate the
possibility of using the encapsulated genetically engineered yeast for several cultivations.
Ethanol concentration of approximately 35 g/L was achieved after 96 h (Table 2),
corresponding to 85% yield when compared to the theoretical value, 5% lower than the yield
with fresh cells. Complete glucose utilization was observed along with 60% xylose uptake.
Interestingly, only a negligible concentration 0.3 g/L of lactic acid was observed throughout
the 96 h fermentation, compared to 3.5 g/L produced in the fermentation with fresh cells
(Table 2). A probable explanation is that reuse of cells during SSFF offers the possibility of
complete washout of any contaminants and hence the production of lactic acid is almost
eliminated. From the cell count and CFU results during the cell reuse (Table 2), it was
observed that the viability and vitality of the cells were maintained; only a slight decrease was
noted. These results suggest that the SSFF process preserves the fermentative ability of the
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culture even after cell reuse and also offers the possibility of reducing the lactic acid
production to the barest minimum.

3.2. Effect of increased solid loading of 12% SS during SSFF and SSF
A previous study [14] showed that high solid loading of 12% SS can increase ethanol
productivity and reduce lactic acid production by keeping bacterial contamination under
control. It was an observation of selective suppression of bacteria growth due to the presence
of high inhibitor concentration, without inhibiting yeast growth [14]. A similar approach was
investigated in the present work with both SSFF and SSF with the genetically modified yeast
in order to investigate whether more concentrated slurry could be used to improve the ethanol
production and minmize lactic acid production. This was performed with similar enzyme
loading (10 FPU/g SS) and cell concentration (6 g/L) as was used for the experiments with
10% SS. Xylose and glucose uptake during the increased solid loading was also investigated.
3.2.1 Ethanol and Lactic acid production
The SSFF process with 12% SS resulted in an ethanol concentration of 39 g/L after 96 h (Fig.
4a) which corresponds to 77.3% of the theoretical yield, which is lower compared to the yield
obtained from 10% SS. However, it is an indication that higher solid loading could be handled
during SSFF also with a genetically engineered strain. Possibly the ethanol yield may have
been higher with a more robust strain. The use of SSF, on the other hand, resulted in a very
low ethanol yield with 12% SS as only 13.4 g/L ethanol concentration was observed at 96 h
(Fig. 4b) which corresponds to just 26.6% of the theoretical yield. Lactic acid production was
observed during both SSFF and SSF with 12% SS. However, it was noted that the rate of
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lactic acid production during SSF (Fig. 4b) was faster than in SSFF (Fig. 4a). Lactic acid
production during SSFF with 12% SS could be related to the low xylose uptake.
3.2.1. Glucose and Xylose consumption
Simultaneous utilization of glucose and xylose by the genetically modified yeast at higher
solid loading of 12% SS during both SSFF and SSF was also investigated. Our results,
(Fig.4a) shows that glucose was completely consumed even with 12% SS while a residual
xylose concentration of 17 g/L was still observed after 96h of SSFF, indicating 36% xylose
uptake. This observation could be related to high initial glucose concentration of 53.5 g/L
which could have repressed the xylose uptake by the genetically modified yeast strain.
Glucose effect could be related to catabolite repression in yeast due to high sugar
concentration which has been reported to be strain dependent [23]. SSF on the other hand, had
serious challenges in using 12% SS solid loading with the genetically modified strain.
Fermentation was only observed within the first 16 h when there was a slight decrease of
glucose concentration from 13 g/L to 7.6 g/L (Fig. 4b), after which the glucose concentration
continuously increased due to glucose production from the hydrolysis without fermentation
any longer. Xylose concentration during SSF also increased all through the fermentation with
no xylose uptake (Fig. 4b).

4. Conclusion
Simultaneous saccharification, filtration and fermentation (SSFF) was examined for
simultaneous glucose and xylose uptake and improved ethanol production using pretreated
wheat straw as a xylose-rich lignocellulosic biomass and a genetically modified yeast strain.
For reference, simultaneous saccharification and fermentation (SSF) was also performed as a
15

conventional method. Application of SSFF resulted in an ethanol yield of 90% of the
theoretical value while only 53% ethanol yield was observed during SSF. Maintained cell
viability, simultaneous utilization of glucose and xylose was observed during SSFF along
with 80% uptake of xylose. In conclusion, the SSFF process is promising and has substantial
advantages over SSF, which provides a potential to enhance economic feasibility of ethanol
production from lignocellulosic biomass.
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Figures Captions
Figure 1. Schematic diagram of simultaneous saccharification, filtration and fermentation
(SSFF) process. Mixture of pretreated lignocellulosic materials and enzyme is pumped into
the filter membrane, filtrate to the fermentation reactor while fermentation liquid and retentate
are recirculated back to the hydrolysis reactor.

Figure 2. Concentration (g/L) profiles of sugars, metabolites and inhibitors from 10%
suspended solids during SSFF (a, c, e) and SSF (b, d, f) experiments. Glucose and xylose are
represented by (●) and (○) respectively in (a) and (b). Ethanol and lactic acid are represented
by (♦) and (◊) respectively in (c) and (d). Furfural and HMF are represented by (□) and (■)
respectively in (e) and (f). The values presented are mean values of two experiments with
error bars as the standard deviations between the two values.

Figure 3. Logarithm values of (a) colony forming units (CFU)/mL, (b) cell numbers/mL of
the xylose fermenting S. cerevisiae during SSFF and SSF processes at 10% suspended solids.
Values are mean values of two experimental data points with error bars as standard deviation,
degree of error is ±4% and ±6% for SSF and SSFF experiments respectively.

Figure 4. Concentrations (g/L) of sugars and metabolites from 12% SS experiments during:
(a) SS

and (b) SS .

ucose is represented by (●), xy ose (○), ethano (♦) and actic acid

(◊) in both (a) and (b). Presented va ues are mean va ues of two experiments with error bars as
standard deviation.

20

Figures

Fermentate

Slurry and
enzymes

Pump

Filter
membrane

Fermentation
Reactor

Hydrolysis
Reactor
Filtrate
Retentate

Figure 1.

21

(a)

30

30

20

20

10

10

0

0

40

40

30

30

20

20

10

10

0

8

Furfural Conc. (g/L)

(d)

(c)

0

(e)

1
0.8

6

8

(f)

1
0.8

6

0.6

0.6
4

4
0.4
2

0.2

0

0

0

Figure 2.

22

(b)

40

20

40
60
Time (h)

80

0.4
2

0.2

0

0
0

20

40

60
Time (h)

80

HMF Conc. (g/L)

Ethanol and Lactic acid Conc. (g/L)

Glucose and Xylose Conc. (g/L)

40

10

(a)

Log. CFU/mL

8
6

SSFF
SSF

4
2
0
8.7

Log. Cell number/mL

(b)
8.5

8.3
SSF

8.1

SSFF

7.9

7.7
0

20

40

60

80

Time (h)

Figure 3.

23

Metabolites and Sugars Concentration (g/L)
Metabolites and Sugars Concentration (g/L)
60

24
(a)

40

20

0

60

(b)

50

40

30

20

10

0
0

Figure 4.
20
40

Time (h)
60
80

Tables

Table 1. Composition of the liquid fraction of the pretreated wheat straw used as xylose-rich
lignocellulosic biomass
Component
Xylose
Glucose
Mannose
Arabinose
Galactose
Acetic acid
HMF
Furfural

Concentration (g/L)
33.4
8.5
1.5
4.9
3.1
8.9
1.1
9.2
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Table 2.

Performance comparison of fresh cells and reused cells during simultaneous

saccharification, filtration and fermentation with 10% suspended solids after 96 h evaluation
Sugars, metabolites
and cell number

Concentration
(g/L) obtained
from fresh cells

Concentration
(g/L) obtained
from reused cells

Residual glucose
Residual xylose
Produced ethanol
Produced lactic acid
Cell number/mL
CFU/mL

0.4
4.2
37.1
3.5
2.3×108
1.3×108

0.7
8.6
34.7
0.3
1.7×108
7.0×107
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Effect of High Solids Loading on Bacterial
Contamination in Lignocellulosic Ethanol Production
Mofoluwake M. Ishola,a,b,* Ayda Barid Babapour,a Maryam Nadalipour Gavitar,a
Tomas Brandberg,a and Mohammad J. Taherzadeh a
Contamination by lactic acid-producing bacteria is frequently a major
challenge in ethanol processes. In this work, high solids loading was
used both to keep bacterial infection under control in simultaneous
saccharification and fermentation (SSF) of lignocellulosic biomass and to
increase the ethanol productivity of the process. With no sterilization of
the substrates, lactic acid bacteria contaminated the fermentation
process with 8 and 10% suspended solids (SS) substrates, consumed
both pentoses and hexoses, and produced lactic acid. However, a high
solids loading of 12% SS prevented lactic acid formation, which resulted
in higher ethanol yield during the SSF process. This high SS resulted in
an ethanol concentration of 47.2 g/L, which satisfies the requirement for
industrial lignocellulosic ethanol production.
Keywords: Ethanol; Lignocellulosic; High solids loading; Contamination; Saccharomyces cerevisiae;
Lactic acid; Birch
Contact information: a: School of Engineering, University of Borås, 501 90, Borås, Sweden;
b: Department of Chemical and Polymer Engineering, Faculty of Engineering, Lagos State University,
PMB 1012 Epe, Nigeria; *Corresponding author: mofoluwake.ishola@hb.se

INTRODUCTION
Ethanol from lignocellulosic biomass, also referred to as second-generation
ethanol, has received global attention because it has the potential to reduce society’s
dependence on fossil fuels. Lignocellulosic ethanol has numerous advantages in
comparison to starch- and sugar-based ethanol from environmental and energetic points
of view (Farrell et al. 2006; Olofsson et al. 2008). Various methods have been suggested
to decompose the carbohydrates in lignocellulosic material, a common approach being to
pretreat the material at a high temperature and low pH and then enzymatically hydrolyze
it prior to fermentation. SSF (simultaneous saccharification and fermentation) combines
enzymatic hydrolysis and the fermentation to ethanol in one vessel to avoid product
inhibition of the enzymes.
Bacterial contamination is still a major challenge in industrial ethanol
fermentations despite a lot of effort devoted to the subject (Skinner and Leathers 2004;
Kádár et al. 2007; Bischoff et al. 2009; Albers et al. 2011; Beckner et al. 2011). Bacteria
compete with the yeasts by consuming the sugars available for ethanol production and the
nutrients needed by the yeast for growth (Skinner and Leathers 2004). As the bacteria
tend to dominate the fermentation with time, inhibitory byproducts such as lactic and
acetic acid are produced, which reduces the ethanol yield (Muthaiyan and Ricke 2010). It
is thus of great importance to control bacterial contaminations, which otherwise increase
the maintenance costs for the process (Skinner and Leathers 2004). Suggested methods
for keeping bacterial contaminations under control are low pH fermentations (Kádár et al.
Ishola et al. (2013). “High solids ethanol processing,”
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2007), use of antibiotics, and early detection methods (Muthaiyan and Ricke 2010). The
use of low pH frequently fails, as some bacterial strains can thrive in low pH media
(Bischoff et al. 2009). Antibiotics generate difficult-to-treat waste and can contribute to
the development of antibiotic-resistant bacteria (Beckner et al. 2011). The early detection
methods are laborious and offer no real solution to the problem.
Low solids loading of around 5% suspended solids have been applied on
numerous informative studies in lignocellulosic ethanol processes. However, higher solid
loading is required for a viable process economy (Hodge et al. 2008; Zhang et al. 2010;
Modenbach and Nokes 2012). Higher solid loading constitutes a less diluted medium,
which results in higher ethanol concentration (Jørgensen et al. 2007; Roche et al. 2009)
and also results in less wastewater treatment (Stickel et al. 2009). High solids loading,
however, may result in mass transfer limitations, stirring problems, and higher inhibitor
concentrations compared with that of low solids loadings. Alternatively, the relatively
high inhibitor concentrations may be useful as a tool to keep infectants at bay in the timespan of an SSF production cycle.
The aim of this study was to investigate the use of high solids loading to control
bacterial infection during SSF of lignocellulosic biomass for ethanol production. The
inhibitory effects of the fermentation media on the fermentation were studied, as well as
the vitality of the yeast S. cerevisiae in different concentrations of suspended solids.
EXPERIMENTAL
Lignocellulosic Material
Birch chips, a hardwood lignocellulosic biomass from Swedish forests, were used.
The chips were chemically pretreated with SO2 impregnation at 18 bars and 215 °C for 5
min (SEKAB E-Technology, Sweden) and delivered as slurry. The slurry had a pH of
2.0, 16.0% suspended solids (SS), and 23.8% total solids (TS) determined according to
the NREL protocol (Sluiter et al. 2008). The slurry was stored in a cold room at 5 °C
until use. The composition of the liquid fraction of the slurry is shown in Table 1. The
solid fraction of the slurry had 53.0 ± 1.4% cellulose, 38.6 ± 0.8% acid-insoluble lignin
(AIL), and 5.3 ± 0.11% acid-soluble lignin (ASL), determined according to the NREL
protocol (Sluiter et al. 2011). The total sugar in the pretreated slurry is mainly xylose
(68%), and the hemicellulose fraction has been completely hydrolyzed into monomeric
sugars during the pretreatment.
Table 1. Composition of the Liquid Fraction of the Birch Slurry in Undiluted Form
Component
Glucose
Xylose
Arabinose
Galactose
Mannose
Furfural
5-Hydroxymethyl furfural (HMF)
Acetic acid
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Concentration
(g/L)
8.1
38.1
2.4
2.4
5.1
1.2
4.2
21.3
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Enzymes and Yeast Strain
Cellic® Ctec2 enzyme (Novozymes, Denmark) was used for the hydrolysis. It
had an activity of 168 FPU/mL, determined according to the NREL method (Adney and
Baker 2008). A commercial strain of yeast S. cerevisiae (Ethanol Red, Fermentis, France)
was used in dry form in all the experiments. It was stored at 4 °C before use.
Simultaneous Saccharification and Fermentation (SSF)
SSF was carried out using a 2.5 L bioreactor (Minifors, Infors AG, Switzerland)
with 8, 10, and 12% suspended solids using a stepwise addition of slurry. The slurry was
added with different dilutions with deionized water in three steps at 0 h, 16 h, and 40 h of
SSF to obtain the intended SS. The raw slurry had 16.0% SS. For the 8% SS experiment,
the SS concentration was gradually increased from 3.6%, to 5.8% and then to 8.0% by
the three additions, ignoring any decrease of SS by enzymatic decomposition. For the
10% SS experiment the corresponding additions raised the SS concentration from 3.6%
to 6.8% and then to 10%. For the 12% experiment, the corresponding additions raised the
SS concentration from 4.4% to 8.2% and then to 12%. The gradual increase in SS
concentration also resulted in a gradual increase in inhibitor concentrations. In all the
experiments, the first, second and third additions, were 800 mL, 500 mL and 500 mL
respectively in volume resulting in a final volume of 1800 mL.
The pH of the slurry was adjusted to 5.0 using 2 M NaOH and automatically
regulated during the fermentations. Deionized water was used to adjust the final
fermentation volume to 1800 mL. The temperature was set at 35 °C, and an enzyme load
of 21 FPU/g SS was used in all the experiments. Agitation was provided at 500 rpm, and
the pH was set at 5.5. The mixture was supplemented with nutrients as 5.5 g/L yeast
extract (Scharlau) and 5.5 g/L ammonium sulfate (Scharlau), and then inoculated with 6
g/L S. cerevisiae; 0.6 g/L silicone antifoam was also added to prevent foaming. The
experiments were run in duplicate, and average values are reported. The SSF was
conducted for 160 h, and samples were taken at 4-h intervals and analyzed for glucose,
ethanol, and other metabolites. All experiments were run in duplicates and the average
values reported. The standard deviations for lactic acid are ±26, ±4.3, and ±1.2 for the
8%, 10%, and 12% experiments, respectively.
Analytical Methods
Characterization of the slurry
Cellulose, hemicelluloses, and lignin in the solid fraction of the slurry were
determined according to NREL protocols (Sluiter et al. 2011). The slurry was first
centrifuged at 4000×g for 5 min to separate the solid and liquid fractions. The solid
fraction was washed with about 40 mL deionized water several times to a neutral pH and
then freeze-dried (Labconco, USA) at -52 °C until its moisture content was reduced to
less than 10%. Freeze-dried samples were then hydrolyzed in two steps using 72% H2SO4
in a water bath at 30 °C for 60 min, followed by hydrolysis using 4% H2SO4 in an
autoclave at 121 °C for 60 min. The 72% H2SO4 concentration was diluted to 4% by
addition of 84.0 mL deionized water. Acid-soluble lignin (ASL) was determined using a
UV spectrophotometer (Libra S60, Biochrom, England) at 283 nm and 25 L/(g cm) as the
ε value. Acid-insoluble lignin (AIL) was gravimetrically determined as the residual solid
after hydrolysis corrected with ash content. The ash content was determined in a muffle
furnace at 575 °C overnight. Monomeric sugars contained in the hydrolysis liquid were
determined by HPLC.
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Sugars and metabolites analysis
The sugars and metabolic products during SSF were analyzed using an HPLC
(Waters 2695, Walters Corporation, Milford, USA). A hydrogen-based column (Aminex
HPX-87H, Bio-Rad, Hercules, USA) at 60 °C with 0.6 mL/min 5 mM H2SO4 as the
eluent was used for glucose, furans, carboxylic acids, ethanol, glycerol, and lactic acid.
Mannose, glucose, galactose, xylose, and arabinose were analyzed using an Aminex
HPX-87P column (Bio-Rad) at 85 °C with 0.6 mL/min ultrapure water as the eluent. A
UV absorbance detector (Waters 2487), operating at 210 nm, was used in series with a
refractive index (RI) detector (Waters 2414).
Determination of cell vitality
Staining with a Trypan blue dye exclusion assay was used to evaluate the cell
vitality. The cell suspension was mixed with Trypan blue dye, followed by visualization
and counting to determine the number of stained and unstained cells (Stoddart 2011).
Trypan blue solution contains 0.5% Trypan blue dissolved in 0.9% NaCl. Culture
samples were taken from the fermentor at different intervals, diluted 100 times, and
mixed with 100 µL of Trypan blue. A drop of the mixture was placed in a hemocytometer
counting chamber using a light microscope with a 40X magnification, and cells were
counted to determine the number of vital cells in the fermentation medium at different
fermentation times according to the equation below:
Number of cells/µL=number of cells in the medium square*250.00
About 20 to 30 square fields with a determined volume were counted in each observation,
and the average number is reported.
RESULTS AND DISCUSSION
Lactic acid bacteria tend to survive under environmental conditions similar to the
yeast S. cerevisiae and are the most notorious contaminants in ethanol fermentations
(Skinner and Leathers 2004). High solids loading has been suggested (Jørgensen et al.
2007) as a means to achieve the required industrial ethanol concentration.
The presence of bacteria was confirmed by microscopic observations in all
experiments. The quantification, however, was assessed indirectly by measuring the
lactic acid concentration, which is arguably the most relevant output from an industrial
perspective.
To investigate the influence of different solid loadings on lactic acid production
caused by bacterial contamination during simultaneous saccharification and fermentation
(SSF), a birch slurry was used at different suspended solids (SS) concentrations; 8%,
10%, and 12%. An enzyme load of 21 FPU/g SS was used in all the experiments, as well
as the same cell density. The effect of higher solid load and thus a more inhibitory
medium on the fermentation as well as the vitality of the yeast cells during fermentation
was investigated.
Effect of Different Suspended Solids on Lactic Acid Production
Lactic acid was generally produced in high concentrations in the 10% and 8% SS
experiments until the end of the fermentation, which lasted 160 h. At 160 h of SSF,
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average concentrations of 42.6 g/L and 35.5 g/L were produced from 10% and 8% SS,
respectively. In contrast, the 12% SS experiment produced a significantly lower
concentration of lactic acid (Fig. 1). Only 2.9 g/L was produced during the 12% SS
experiment.
The fermenting strain of S. cerevisiae used is a robust and suitable strain for
industrial hexose fermentation. However, lactic acid bacteria are always present in almost
all commercially supplied yeasts (Champagne et al. 2003; O'Brien 2006). Furthermore,
the birch slurry was not autoclaved in order to mimic commercial processes. From a
scientific perspective, this approach can be debated, but the method is highly relevant
from a large-scale industrial perspective, where environments completely free of
contaminants hardly exist. The significantly lower lactic acid concentration with 12% SS
suggested that, with this particular substrate, there appears to be a “tipping point”
between 10% and 12% SS, where the additional increase in inhibitors or stress resulted in
reduced lactic acid production. However, a different medium may obviously have a
different tipping point in terms of dilution and SS concentration, depending on raw
material and pretreatment conditions. Thus, the less diluted slurry with 12% SS in this
project is high enough to reduce the development of lactic acid-producing bacteria, while
the alcohol production by the fermenting organism (S. cerevisiae) was proceeding. This
suggests that high solids loading could be used to control bacterial infections and reduce
lactic acid formation, favoring the ethanol yield. A prerequisite is the use of a robust
production strain that tolerates the resulting inhibitory environment.
50

8% SS
10% SS

Lactic acid (g/L)

40

12% SS
30
20
10
0
0

50

100

150

Time (h)
Fig. 1. Lactic acid production during SSF with different SS concentrations

The present study did not examine the effect of individual inhibitors, but it is
noted that acetic acid had a concentration of 15.2 g/L in the 12% SS trial, compared to
12.5 and 9.7 g/L in the 10% and 8% SS experiments, respectively. Acetic acid has a
strong pH-dependent inhibitory effect (Taherzadeh 1999), and because the yeast is more
acid-tolerant than many bacteria (Matsushika et al. 2009), this compound may selectively
target bacteria while it stimulates ethanol production by S. cerevisiae (Taherzadeh et al.
1997). Bacteria are adaptive organisms, and the whole concept of infection control by an
inhibitory substrate depends on the possibility of avoiding long-term adaptation by
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infectants. During SSF, the fermenting culture is regularly replaced, and the equipment
can be sterilized, which prevents adaptation of bacteria.
Sugar Consumption and Ethanol Production
In spite of the inhibitory conditions during the 12% SS, the strain of S. cerevisiae
could efficiently metabolize available glucose (Fig. 2). During the period between 48 and
160 h of fermentation, the glucose concentration slowly decreased from 4.1 to 2.5 g/L. In
the same time-span, the ethanol concentration increased from 27.1 to 47.2 g/L, whereas
the lactic acid concentration barely increased, from 2.4 to 2.5 g/L. Thus, the dominating
processes must be the release of glucose by enzymatic decomposition of the cellulose in
the solid fraction and fermentation into ethanol by S. cerevisiae. A certain decrease of
other sugars’ concentrations (mannose, galactose, xylose, and arabinose), by approximately 6 g/L, may reflect consumption of mannose and possibly also galactose by S.
cerevisiae, as it is a hexose-consuming strain. There was a moderate increase in glycerol
concentration, 1.0 g/L, and the acetic acid concentration only increased by 0.3 g/L.
Sugars and Metabolites (g/L)

60
50
40

Acetic Acid (g/L)
Ethanol (g/L)

30

Glucose (g/L)

20

Glycerol (g/L)
Lactic acid (g/L)

10

Other Sugars (g/L)

0
0

50

100

150

Time (h)

Fig. 2. Sugar and metabolite concentrations during SSF with 12% SS

A comparison with the 10% SS experiment is interesting (Fig. 3). After 48 h SSF,
the ethanol concentration was 24.3 g/L and the lactic acid concentration was 2.5 g/L; a
very similar development compared to the experiment with 12% SS. However, the timespan between 48 and 160 h of fermentation was very different. The glucose concentration
decreased from 1.4 to 0.3 g/L, and the ethanol concentration also decreased, from 24.3 to
18.6 g/L. The lactic acid and acetic acid concentrations increased from 2.5 to 42.6 g/L
and from 12.0 to 16.8 g/L, respectively. Furthermore, the concentration of other sugars
decreased from 28.3 to 0.4 g/L. Figures 4a and 4b show a comparison of ethanol
production and consumption of total sugars in all three experiments.
The initial concentration of other sugars in 8% and 10% SS was 30.5 g/L and 34.6
g/L, respectively. Considering a theoretical lactic acid yield of 1.0 g/g consumed sugar,
the presence of 35.6 g/L and 42.6 g/L lactic acid in these respective experiments suggests
that both sugars initially present in the liquid phase and glucose released from the solid
phase have been fermented into lactic acid (Fig. 1). This corresponds with previous
reports concerning the influence of lactic acid production on monomeric sugar
Ishola et al. (2013). “High solids ethanol processing,”
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consumption during ethanol production (Stenberg et al. 2000). Erdei et al. (2010)
developed an equation that can be used to estimate the amount of additional ethanol that
could have been produced from hexoses if there had not been any lactic acid formation:
Mass of additional ethanol =
0.46 (mass of lactic acid produced – mass of pentose consumed)
The factor 0.46 g/g corresponds to 90% of the maximum theoretical ethanol yield
for sugars. Applying this calculation, additional ethanol could have been produced (Table
2) during the 8% and 10% SS experiments, assuming no bacterial contamination.
Although the lower SS experiment was easier to handle from a mixing and mass transfer
point of view, the lower solid loading provided a more suitable environment for bacterial
growth with a greater contamination risk than higher loadings during SSF. The sugar
consumption by S. cerevisiae was reduced, whereas “infecting” organisms consumed
carbohydrates and produced lactic acid and probably also acetic acid. This means that
bacteria consumed not only pentoses, but also hexoses. Considering the decreased
metabolic activity of S. cerevisiae, the yeast was exposed to the combined impact of
increasing concentrations of both lactic acid and acetic acid. It is conspicuous that the
onset of lactic acid production was delayed to after 48 h of fermentation. The explanation
can be an adaptation phase of the bacteria in this inhibitory medium, possibly in
combination with in-situ detoxification by the yeast. The picture was similar for the
experiments with 8% SS, but with higher variation between the individual experiments.
Sugars and Metabolites (g/L)
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40

Acetic Acid (g/L)

30

Ethanol (g/L)
Glucose (g/L)

20

Glycerol (g/L)
Lactic acid (g/L)

10

Other Sugars(g/L)
0
0

50

100

150

Time (h)

Fig. 3. Sugar and metabolite concentrations during SSF with 10% SS

Table 2. Recalculated Ethanol Assuming No Lactic Acid Formation in 8% and
10% Suspended Solids
Suspended
Solids
(%)
8
10

Pentose
Consumed
(g)
46.2
55.5

Lactic acid
Produced
(g)
57.8
67.4

Ethanol
Produced
(g)
38.6
31.0
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Fig. 4. Ethanol production and consumption of total sugars during SSF of different suspended
solids. The dashed lines indicate the dilution effect created in the fermentor after each stepwise
addition of pretreated birch slurry.

S. cerevisiae cell count in SSF
Samples were regularly collected to assess the concentration of yeast cells in the
SSF experiments. The results indicate that there was a decreasing trend in yeast
concentration during the fermentation in every single experiment (Fig. 5). There was
approximately a 70 to 80% decrease in vitality of the cells during the first 48 h of the
experiments.
The vital cell number as well as the total cells decreased sharply until they leveled
out. A possible explanation is that the mechanical stress caused by the combination of
agitation and solid particles grinds down the yeast cells within the first 48 h of the
experiment, before the cell concentration stabilizes.
Rudolf et al. (2005) observed a similar trend from the colony-forming units of S.
cerevisiae during SSF of lignocellulosic material. However, this would have caused a
dramatic effect on the metabolic activity of the yeast cells, but no direct effect on the
ethanol yield was observed.

Log. Cell number/mL

10

12% SS

10% SS

9

8

7

6
0

50

Vital cells

Vital cells

Total cells

Total cells

100

150

SSF Time (h)

0

50

100

150

SSF Time (h)

Fig. 5. Logarithm values of yeast cell number/mL versus time (h) during SSF with 10% and 12%
suspended solids
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CONCLUSIONS
1. A high solids loading of 12% SS reduced the production of lactic acid during
simultaneous saccharification and fermentation of lignocellulosic ethanol production.
2. Ethanol productivity was increased by the use of high solids loading and an ethanol
concentration of 47.2 g/L, which satisfies the requirement for industrial
lignocellulosic ethanol production.
3. High solids loading prevents pentose consumption during hexose fermentation of
lignocellulosic material.
4. In all experiments, the total cell concentration decreased 70 to 80% during the first
48 h of fermentation, which could indicate that the mechanical stress caused by the
combination of agitation and solid particles grinds down the yeast cells within the
first 48 h of the experiment, before the cell concentration stabilizes.
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a b s t r a c t
Oil palm empty fruit bunches (OPEFB), a lignocellulosic residue of palm oil industries was examined for
ethanol production. Milled OPEFB exposed to simultaneous sacchariﬁcation and fermentation (SSF) with
enzymes and Saccharomyces cerevisiae resulted just in 14.5% ethanol yield compared to the theoretical
yield. Therefore, chemical pretreatment with phosphoric acid, a biological pretreatment with white-rot
fungus Pleurotus ﬂoridanus, and their combination were carried out on OPEFB prior to the SSF. Pretreatment with phosphoric acid, combination of both methods and just fungal pretreatment improved the
digestibility of OPEFB by 24.0, 16.5 and 4.5 times, respectively. During the SSF, phosphoric acid pretreatment, combination of fungal and phosphoric acid pretreatment and just fungal pretreatment resulted in
the highest 89.4%, 62.8% and 27.9% of the theoretical ethanol yield, respectively. However, the recovery of
the OPEFB after the fungal pretreatment was 98.7%, which was higher than after phosphoric acid pretreatment (36.5%) and combined pretreatment (45.2%).
 2014 Elsevier Ltd. All rights reserved.

1. Introduction
Ethanol is the most important renewable fuel in the transportation sector considering its volume and market value, as its global
production reached 85 billion liters in 2012 (Renewable Fuels
Association, 2012). Ethanol production from lignocellulosic biomass has been preferred than production from starch or
⇑ Corresponding author at: Swedish Centre for Resource Recovery, University of
Borås, Sweden. Tel.: +46 33 435 4585; fax: +46 33 435 4008.
E-mail address: mofoluwake.ishola@hb.se (M.M. Ishola).
http://dx.doi.org/10.1016/j.biortech.2014.02.053
0960-8524/ 2014 Elsevier Ltd. All rights reserved.

sugar-based crops, as it does not compete with food and takes care
of agricultural and plant residues in an environmentally sustainable process (Farrell et al., 2006).
Oil palm empty fruit bunches (OPEFB) is a lignocellulosic residue of palm oil mill. Nigeria produces 8 million metric tons of palm
oil fruit in 2011, resulting in about 2 million metric tons of OPEFB
yearly. Indonesia and Malaysia also produce about 90 million metric tons/year palm oil fruit resulting in accumulation of about 20.7
million metric tons of OPEFB every year (FAOSTAT, 2012). OPEFB
constitutes environmental problem and has low economic value;
it is conventionally disposed in landﬁlls, burned openly or used
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in composting for fertilizer. OPEFB primarily contains 82.4% hollocellulose and 17.6% lignin (Law et al., 2007). Considering the high
carbohydrate content of OPEFB, it can be a cheap feedstock for ethanol and lignocellulosic derivatives such as glucose, xylose, mannose and animal feed (Piarpuzán et al., 2011)
Ethanol production from lignocellulosic biomass involves four
basic steps, which are pretreatment, hydrolysis, fermentation and
distillation. Lignocellulosic materials are recalcitrant in nature
due to the lignin content and the highly crystalline nature of the
cellulose (Himmel and Picataggio, 2009). Hence, an efﬁcient pretreatment method is necessary for the process optimization.
Lignocellulosic biomass can be pretreated by chemical, mechanical, biological methods, or their combinations (Alvira et al., 2010).
Biological pretreatments involves the use of microorganisms usually among white-rot, brown-rot and soft-rot fungi or their enzyme
to break down lignin barrier and alter lignocelluloses structure
(Adney et al., 2009). Biological pretreatment requires no chemicals,
low energy input and seems to be the best environmentally
friendly method of pretreatment (Kirk and Chang, 1981). Whiterot fungi are the primary agents of deligniﬁcation that function
through their extracellular enzymes namely Lignin peroxidase
(LiP), Laccases (Lac) and Manganese peroxidase (MnP), which degrade lignin macromolecules into CO2 and H2O (Isroi et al.,
2011). Chemical pretreatment of lignocellulosic biomass using
phosphoric acid has been shown to fractionate the lignocellulosic
biomass and enhanced cellulose digestibility (Zhang et al., 2007).
To our knowledge, combination of biological pretreatment using
white-rot fungi and chemical pretreatment using phosphoric acid
for ethanol production has not been reported in the literature.
This study aims at evaluating the effect of biological pretreatment using white-rot fungi, phosphoric acid pretreatment and
their combination on ethanol production from OPEFB during
simultaneous sacchariﬁcation and fermentation (SSF). Effect of
these pretreatments on the digestibility and structural changes of
OPEFB were also investigated.

2. Methods
2.1. Oil palm empty fruit bunches (OPEFB)
Fresh OPEFB was obtained from an oil palm mill in North Sumatera, Indonesia. It was air-dried until the moisture content was
about 35%, and then grounded to pass through a 10 mm screen.
It was stored in an airtight plastic container before the pretreatments. It was analyzed for its cellulose, hemicellulose and lignin
contents.

2.2. Microorganisms and enzymes
White-rot fungus Pleurotus ﬂoridanus LIPIMC996, obtained from
Laboratory of Microbial Systematic and LIPI Microbial Collection
(Lembaga Ilmu Pengetahuan, Cibinong, Indonesia) was used in this
work. The fungus was maintained on lignocellulosic medium at
room temperature before it was used as inoculums. Yeast strain
Saccharomyces cerevisiae CBS 8066 obtained from Centraalbureau
voor Schimelcultures (Delft, the Netherlands) was used for the
fermentation experiments. It was maintained on YPD agar plate
containing 20 g/L agar (Scharlau), 10 g/L yeast extract (Scharlau),
20 g/L peptone (Fluka), 20 g/L D-glucose (Scharlau) and stored at
4 C. Cellulase enzyme Cellic Ctec2 (Novozymes, Denmark) was
used for the hydrolysis. The enzyme had 168 FPU/mL activity,
determined according to the National Renewable Energy
Laboratory (NREL) method (Adney and Baker, 2008).

2.3. Fungal pretreatment
Medium containing 7 g/L KH2PO4, 1.5 g/L MgSO4�7H2O, 1 g/L
CaCl2�H2O, 0.3 g/L MnSO4�H2O, and 0.3 g/L CuSO4�H2O was prepared. A volume of 120 mL of this medium was added to 200 g of
air dried OPEFB (moisture content 35%) in order to reach moisture
content of 59.4%. It was inoculated a with two-week old fungus
inoculum on agar plate for four weeks at 31 C and neutral pH in
a 500 mL Erlenmeyer ﬂask with cotton plugs, followed by freezing
the culture to stop the fungal growth. The fungal-pretreated OPEFB
was then freeze-dried (Freezone 7670530, Labconco, Kansas City,
MO, USA) at �52 C for 6 h. Material weight before and after the
pretreatment process was recorded.
2.4. Phosphoric acid pretreatment
Phosphoric acid pretreatment was carried out on both fungalpretreated OPEFB and untreated OPEFB according to Zhang et al.
(2007) with slight modiﬁcations. Both fungal-pretreated OPEFB
and untreated OPEFB were ball-milled separately (Retsch
MM400) at a frequency of 29.6 s�1 for 4 min before the pretreatment with phosphoric acid. One gram of the milled materials
was mixed with 8 mL phosphoric acid (85.7%) in a 50 mL-centrifuge tube and stirred using a glass rod until it was homogenised.
The mixture was then incubated in a shaking water bath (Grant
OLS200, Grant Instruments Ltd., Cambridgeshire, UK) at 90 rpm
and 50 C for 5 h after which it was washed by addition of 40 mL
acetone and centrifuged at 1900g, for 15 min. The remaining
acid-free pellets were then washed three times using 40 mL distilled water until a clear supernatant with neutral pH was obtained. The pretreated materials were then frozen in airtight
container until use in the enzymatic hydrolysis and SSF.
2.5. Enzymatic hydrolysis
Enzymatic hydrolysis of untreated and pretreated OPEFB were
carried out according to the NREL method with slight modiﬁcations (Selig et al., 2008). Pretreated and untreated OPEFB were
hydrolyzed in a 50 mL E-ﬂask with a working volume of 10 mL at
pH 4.8 using a water bath at temperature of 50 C and agitation
of 150 rpm for 72 h using enzyme loading of 60 FPU/g cellulose.
Samples were taken at 12 h interval and analyzed for glucose using
the auto-sampler high performance liquid chromatography (HPLC)
with a lead-based column (Aminex HPX-87P, Bio-Rad, Hercules,
CA, USA). Digestibility (%) was calculated based on the following
equation (Selig et al., 2008);

Digestibility ð%Þ ¼

Glucose produced upon hydrolysis ðgÞ
Initial cellulose in the substrate ðgÞ � 1:11
� 100%

ð1Þ

where 1.11 = conversion factor for cellulose hydrolysis to glucose.
All experiments were performed in duplicate and the average
values are reported, while the error bars show standard deviation.
2.6. Simultaneous sacchariﬁcation and fermentation (SSF)
SSF was performed in a 100 mL Erlenmeyer ﬂask with 20 mL
working volume for all the samples (Dowe and McMillan, 2008).
Untreated, fungal-pretreated, phosphoric acid-pretreated and fungal followed by phosphoric acid pretreated OPEFB’s were added in
order to obtain 5% glucan. Medium containing 100 g/L yeast extract
(Scharlau) and 200 g/L peptone (Fluka) was also prepared, as a
nutrient supplement for the yeast growth and 2 mL of this was
added to each of the ﬂasks containing the pretreated and untreated
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OPEFB. For pH control, 1 mL of 50 mM citrate buffer (pH 4.8) was
added to all the ﬂasks, 60 FPU/g cellulose enzymes loading and
0.2 mL of the inoculums was added to each of the ﬂasks and
deionized water was used to make up the volume to 20 mL. SSF
was performed at temperature of 35 C for 96 h in a water bath
at agitation of 130 rpm, samples were taken at 24 h interval and
analyzed for ethanol concentration with the HPLC. The ethanol
yield was calculated based on the cellulose content of the untreated and the pretreated OPEFB’s.
2.7. Compositional analysis

Table 1
Composition of empty fruit bunches (OPEFB) before and after pretreatment.
Component
(%)

Untreated
OPEFB

Fungal
pretreated
OPEFB

Phosphoric
acid
pretreated
OPEFB

Fungal and
phosphoric
acid pretreated
OPEFB

ASL
AIL
Total lignin
Cellulose
Hemicellulose
Material loss

7.81 ± 0.03
26.56 ± 0.14
34.37 ± 0.17
39.13 ± 2.26
23.04 ± 2.79
–

8.39 ± 0.40
25.95 ± 0.36
34.34 ± 0.36
34.17 ± 0.40
27.48 ± 9.07
1.31 ± 0.13

4.30 ± 0.09
40.13 ± 0.51
44.66 ± 0.18
43.16 ± 0.43
9.07 ± 0.05
54.84 ± 1.37

4.53 ± 0.05
32.92 ± 0.60
37.22 ± 0.51
53.81 ± 1.14
9.07 ± 0.14
63.55 ± 0.76

ASL = acid soluble lignin; AIL = acid insoluble lignin; total lignin = ASL + AIL.

The OPEFB’s before and after pretreatments were characterized.
Cellulose, hemicellulose, and lignin content of the untreated,
fungal-pretreated and phosphoric acid-pretreated OPEFB were
determined according to the NREL method (Sluiter et al., 2011).

A Fourier transform infrared (FTIR) spectrometer (Impact 410
iS10, Nicolet Instrument Corp., Madison, WI, USA) was used for
investigating the changes of OPEFB after the pretreatments. Spectrum of each of the pretreated and untreated OPEFB samples was
obtained with an average of 32 scans and resolution of 4 cm1 from
600 to 4000 cm1 (Jeihanipour et al., 2010). The spectrum data was
controlled by Nicolet OMNIC 4.1 (Nicolet Instrument Corp.,
Madison, USA) software and analyzed by eFTIR (EssentialFTIR,
USA). The crystallinity of untreated and pretreated OPEFB’s cellulose was determined using crystallinity index as A1429/A894
which is the ratio between absorbances at wavenumber 1418
and 894 cm1 (O’Connor et al., 1958)

pretreated OPEFB shows decrease in the percentage of ASL (4.4%)
compared with untreated OPEFB (7.8%) as shown in Table 1. It also
shows an increase in percentages of cellulose (43.2%) compared
with untreated materials (39.1%), which implies that phosphoric
acid pretreatment can successfully fractionates OPEFB and opens
up the crystallinity of its cellulose as earlier reported (Zhang
et al., 2007).
Combination of fungal and phosphoric acid pretreated OPEFB
(Table 1) also shows a decrease in the percentage of the ASL
(4.5%) compared to untreated OPEFB (7.8%). The percentage of
the cellulose after combined pretreatment was increased (53.8%)
compared to untreated OPEFB (39.1%). The material loss for fungal,
phosphoric and the combination of fungal and phosphoric pretreatments were 1.3%, 54.8% and 63.6%, respectively. This indicates
that fungal pretreatment preserves the material, while phosphoric
acid pretreatment results in high loss of material.

3. Results and discussion

3.3. Effect of the pretreatments on functional groups in OPEFB

3.1. Effect of different pretreatment on OPEFB digestibility

The changes of OPEFB functional groups were analyzed based
on FTIR spectra of the untreated and pretreated materials. The
peaks that correspond to cellulose structure were 3338,
2980–2835, 1460, 1375, 750, and 715 cm1, whereas the peaks
that correspond to hemicellulose or carbohydrate structures were
1738–1709, 1315, 1230–1221, 1162–1125 and 897 cm1. Wavenumber around 3300 cm1 was assigned to hydrogen bonded
(O–H) stretching absorption. The highest cellulose loss was observed in combination of fungal and phosphoric acid pretreatment
as indicated with the lowest intensity on O–H stretching absorption. Reduction in the peak of 3338 cm1 indicates a reduction in
the hydrogen bond of cellulose of the pretreated OPEFB.
Changes in intensity were also found in the band at around
wavenumber 1032 cm1 that was assigned to C–O stretch in cellulose and hemicellulose. Intensity at this band increased after fungal
pretreatment but reduced after phosphoric acid and the combined
pretreatment, also indicating a higher percentage of hemicellulose
loss after phosphoric acid and the combined pretreatment. Both
phosphoric acid pretreatment and the combined pretreatment
showed similar intensities at wavenumbers 1646, 1607, 1593,
and 1506 cm1. These spectra explained the results shown in
Table 1 that phosphoric acid pretreatment and combined pretreatment resulted to high loss of material and similar percentage of
ASL.
Crystallinity index of untreated, fungal pretreated, phosphoric
acid pretreated, and combined pretreated OPEFB are 2.8, 1.4, 0.7,
and 0.6, respectively. This further strengthened the fact that phosphoric acid pretreatment is effective in reducing the crystallinity of
cellulose in OPEFB, which suggest the reason for its highest digestibility. However, this crystallinity index cannot be alone an index
on the effectiveness of the enzymatic digestibility of the OPEFB,

2.8. Structural and crystallinity analysis

Untreated OPEFB has digestibility of only 3.4%, fungal pretreatment improved the digestibility to 15.4%, which is 4.5 times higher
than the untreated. As the fungus primarily deligninﬁes lignocelluloses, this improvement could most likely related to the reduction
of the lignin by fungal pretreatment. Phosphoric acid pretreatment
signiﬁcantly increased the digestibility to 81.4% and combined pretreatment resulted in 56.1% digestibility. It means the acid could
improve the digestibility by 24.0 times. Digestibility of combined
pretreatment was increased 16.5 times. Phosphoric acid pretreatment shows highest improvement of digestibility and could be related to the reduction of the crystallinity of OPEFB cellulose, this
corresponds with earlier report about phosphoric acid pretreatment reducing the crystallinity of cellulose (Jeihanipour et al.,
2010).
3.2. Effects of different pretreatment on the composition of OPEFB
biomass
The different pretreatments show speciﬁc effects on the composition of OPEFB. After fungal pretreatment, the hemicellulose
content increased from 23.1% in the untreated to 27.5% in the fungal pretreated OPEFB while cellulose content reduced from 39.1%
in the untreated to 34.2% (Table 1), this could be due to attack
on the linkages between lignin and carbohydrate that exist in
hemicellulose by the fungi. There was a reduction in the ASL lignin
of fungal pretreated OPEFB (25.9%) compared to untreated one
(26.6%), which indicates that white rot fungi may have degraded
the lignin. This is in agreement with previous report on lignin degradation by white rot fungi (Isroi et al., 2011). Phosphoric acid
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62.8% and 27.9%, respectively. Pretreatments with phosphoric acid,
combination of both methods and fungal pretreatment improved
the digestibilities of OPEFB by of 24, 16.5 and 4.5 times,
respectively.
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Nigeria is among the World’s 10 most important exporters of petroleum, but has several difﬁculties in its
domestic energy situation. Power outages are frequent in the cities and 49% of the population has no
access to electricity at all. The use of fossil fuels and ﬁrewood causes many environmental problems and
the population increase in combination with a growing economy results in unmanageable amounts of
waste in the cities. The use of biofuels has the potential to alleviate some of these problems and this
review aims at evaluating the situation regarding biofuel production in Nigeria through literature studies
and contacts. It was found that in spite of good geographic conditions and high investment in biofuel
production, progress has been slow. The Nigerian sugarcane sector does not yet satisfy the domestic
demand for sugar, while large-scale sugarcane-based ethanol production seems distant. Ethanol production from cassava would require input of energy and enzymes and would probably be too expensive.
Sweet sorghum, which is relatively easy to process into bioethanol, has some advantages in a Nigerian
context, being widely cultivated. Biodiesel production runs the risk of becoming controversial if edible
crops currently being imported would be used. Jatropha curcas (non-edible) is an interesting crop for
biodiesel production but the complete life cycle of this process should be further analyzed. The biofuel
concept, which would bring the most immediate beneﬁts, is probably biogas production from waste. It
requires no irrigation or input of land and also provides a cleaner environment. Besides it would reduce
the widespread use of ﬁrewood and produce fertilizer.
 2013 Elsevier Ltd. All rights reserved.
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1. Introduction

1.2. Geography, demography and economy of Nigeria

1.1. Biofuels, a cure to many problems?

Nigeria is a West African country with a total land area of
910,770 square kilometers out of which 16%, 34%, 23% is occupied
by forests, crops and grassland, respectively, and the remaining 27%
consist of rivers and lakes [2]. The Nigerian climate is largely
tropical, characterized by high temperatures and intense heat in
the north and high humidity in the south. There are only two
seasons in Nigeria, which are the wet and dry seasons. The average
annual temperature ranges from a maximum of 35 � C in the north
and 31 � C in the south to a minimum of 23 � C in the south and 18 � C
in the north. The total annual rainfall ranges from 3800 mm at the
coastal areas to below 650 mm at the northeast part of the country
[3]. Nigeria, with its 150 million inhabitants, is the most populous
country in Africa. Its population density is relatively high, 171
people per km2 [4], but unevenly distributed. Approximately half
the population lives in urban areas, but agriculture is by far the
most important sector in terms of employment [5]. The majority
(64%) of the Nigerian population lives below the international
poverty line of US$ 1.25 per day [6]. The Nigerian economy was
ranked 31st in the World in terms of GDP in 2009 and its manufacturing sector is the largest in West Africa, third largest on the

Although Nigeria is a major world crude oil producer, the energy
situation in the country is both complex and worrisome. Nigeria is
exporting oil, while reﬁned fuels are imported at international
prices and sold with subsidies. In January 2012, strikes were
organized as a protest against the abolishing of gasoline subsidies,
criticized for being costly and distorting the market. At the same
time, pollution is a serious problem in the larger cities and widespread use of kerosene and ﬁrewood for cooking is harmful for
indoor air quality. Production of biofuels such as bioethanol, biodiesel and biogas may alleviate these problems, but experiences so
far show that the road to implementation has many pitfalls. Biofuel
development in Africa is believed to offer some prospect of local
energy supply with potential economic, environmental and
security-of-supply beneﬁts, among others [1].
* Corresponding author. Tel.: þ46 33 4354653; fax: þ46 33 4354008.
E-mail addresses: tomas.brandberg@hb.se, tomas.brandberg@hotmail.com
(T. Brandberg).
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continent and the country is on track to become one of the top 30
economies in the World. Agriculture used to account for more than
half of GDP but has suffered a decline due to the dominance of oil in
the economy and presently accounts for 39% of GDP [7].
1.3. Energy and environment
Nigeria is currently producing less than 4000 MW of electricity
[8], but the demand for electricity is predicted to increase dramatically during the coming 20 years (Fig. 1). Power-cuts are
already frequent on daily basis, and 49% of the population has no
access to electricity at all [9]. In addition, the population is
increasing and the Nigerian society has yet to cope with some side
effects of its own development, such as excessive trafﬁc in large
cities and an avalanche-like increase in waste. The Nigerian environment is seriously polluted with huge amount of waste, which is
a major problem for the society [10], and also the emissions from
the transport sector have many negative effects on the environment [11]. The country exports more than 2.1 million barrels/day
of crude oil, while its internal oil consumption is about 280,000
barrels per day.
1.4. Objective
Previous investigations have for decades pointed at the positive
potential of biofuels in Nigeria [12,13]. Frequently mentioned
advantages of biofuels are reduced dependence on imported
reﬁned petroleum-derived products, stronger agricultural economy, job creation and environmental beneﬁts. Still, one should be
aware of the limitations in terms of supply of raw materials and
access to land and water. Besides, production of biofuels requires
investment and it is important to use limited funds as efﬁciently as
possible for maximum beneﬁt. In addition, it is pertinent to know
that biofuel production should ﬁrst be assessed on pilot scale before
investing heavily in commercial production, allowing for evaluations of the whole production chain. This review aims at summarizing the potential of bioethanol, biodiesel and biogas production
in Nigeria and discusses suitable technology and usage. Experiences from other countries are taken into account and interpreted
in a Nigerian perspective. It is believed that this paper will be of
beneﬁt to the policymakers and entrepreneurs in Nigeria.
2. Methodology
The method used for this review involved an extensive survey
of related articles and publications, including internet, company
and government sources as well as personal contacts to, as far as
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possible, obtain an unbiased picture. Published databases and
information of the Nigerian Bureau of Statistics, Nigerian National
Petroleum Corporation, Energy Commission of Nigeria as well as
the reports from World Energy Outlook, Food and Agriculture
Organization and other International Agencies were explored in
detail.
3. The case for and against biofuels in Nigeria
It has been estimated [14] that the global use of biofuels for road
transport will grow fourfold from 2008 to 2035, meeting 8% of the
demand of liquid transportation fuel. Meanwhile, it can be argued
that the potential is largest in tropical regions, where farmland is
the most productive, particularly in areas with good access to fertile
land and water. In an African context, it has been suggested [15]
that planting 10% of the available non-crop, non-forest, nonwilderness area in Africa with biomass energy crops would yield
18 EJ, or 170 million barrels/year oil equivalent per year. This level
may seem distant, even unrealistic, but gives a hint about a significant potential if the most “low hanging fruits” could be collected.
In addition, several studies [13,16e18] underline the multiple
beneﬁts for developing countries to exploit unused or underused
land for production of energy. The most important reason for
making use of biomass energy is probably to substitute expensive
oil imports and diversify the energy mix. It is technically feasible to
blend bioethanol and biodiesel with fossil gasoline and diesel,
respectively [1]. Biogas can in principle be mixed with fossil
methane in any proportion, but upgrading is required for use as
transportation fuel [19]. It is frequently claimed that investments in
biofuel production may create jobs and reduce poverty in rural
areas. This position is viable, but should rest on the foundation of
sound economic thinking, so that investments and subsidies allow
for maximum beneﬁts.
Nigeria is a relatively poor country and produces only about one
ton of CO2 per person per year which is relatively low in a global
perspective [20]. The country cannot therefore be expected to be
a frontrunner in the transition from fossil to renewable fuels.
However, while the world may move closer to aggravating global
warming and/or a deﬁcit of easily extracted oil, Nigeria will probably become wealthier and will be expected to assume more
responsibility in international issues in the future.
While many African countries have good geographic conditions
for biofuel production, this development has not accelerated yet.
Tanzania, for instance, is highly dependent on net imports of fossil
fuels; the country has good access to underused land, and has
attracted signiﬁcant investments in plantations of sugarcane for
bioethanol production [21]. However, to our knowledge no largescale ethanol production unit has yet been taken into commercial
operation. Nigeria launched a very ambitious biofuel program in
2007 aiming at supplying the internal market with 10% ethanol
blend with gasoline (E10) [22], more than US$ 3.86 billion has been
invested in 19 ethanol bioreﬁneries [23], but the outcome in 2012 is
unsatisfactory. During the ﬁrst half of 2012, however, no large-scale
commercial biofuel ethanol plant was reported to be in operation.
The trickle of 15 million liters of ethanol per year produced in Bacita
and Sango-Ota [24] is used for other purposes than transportation.
4. The constraints
4.1. Food versus fuels

Fig. 1. Electricity demand projection per scenario in Nigeria [84].

Ever since the rise in food prices in 2007, biofuels and food
prices have been closely associated, and the debate on food versus
fuel has been going on. Rathmann et al. [25] summarizes the
arguments and state that the emergence of agro-energy has
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contributed to rising food prices to some extent. However, the
determining factor is whether there is a constraint of arable land,
which is not the case in Nigeria as a whole. There is 785,000 km2 of
agricultural land in Nigeria out of which 48% consists of “permanent meadows and pastures” [20], while land itself is not an
immediate limitation for increased agricultural output. Besides, it is
agreed upon that Nigerian agriculture has a signiﬁcant potential
of improved efﬁciency [13]. The complexity of the food issue is
frequently overlooked. High food prices may in fact limit the production of biofuels, since the food market may be a more attractive
option for farmers [26]. Besides, in regions with good access to land,
there could be a positive correlation between biofuel investments
and food production. An analysis carried out in Brazil [27] showed
no conﬂict between food and energy production, while others
[28,29] underline that investments in the countryside can result in
increased agricultural productivity and improved production of
food in parallel with agro-energy. Nevertheless, the food versus fuel
issue must be properly and seriously considered in every African
biofuel project. An analysis on biofuel-related sustainability issues
for Africa in a general perspective [30] advocate exploitation of
“low hanging fruits” while treading cautiously in order to avoid
conﬂicts with food production. Undernourishment exists in Nigeria,
but this would rather be a result of poverty than the result of
a general deﬁcit of arable land. With less than 9% of undernourished
people, Nigeria is in the same category as for instance Brazil [31].
4.2. Water supply
Water supply is another concern, particularly for large-scale
biofuel programs in areas under water stress. It has been estimated [32] that, cultivating cassava in order to produce ethanol
substituting 5% of the Nigerian gasoline consumption, would
require 6.0 billion tonnes of water, which is about 3% of Nigerian
water resources. However, water scarcity is not an unknown phenomenon in Nigeria, at least not in some regions [33]. It can be
concluded that while this aspect must not be overlooked, water is
not necessarily a constraint for ethanol blend of 5% (E5) or even 10%
(E10) with gasoline implementation in Nigeria [32], assuming that
sites for energy crop plantation is selected carefully.
5. Bioethanol in Nigeria
5.1. Slow progress
In a global perspective, bioethanol sticks out as the most
important liquid biofuel with a global production of 88.7 billion
liters in 2011 [34]. It is easily blended with gasoline up to about 30%
of ethanol and can be used with existing engines, even if adaptation
of the engine may be necessary for higher blends. Ethanol is an
oxygenated fuel and adding it to gasoline has a positive effect on
the air quality in very polluted urban areas [35]. In Nigeria, bioethanol projects were initiated based on cultivation of sugarcane,
cassava and sweet sorghum, in addition to the national Cassakero
cooking fuel program, which would produce cassava-based ethanol
cooking gel in mini-reﬁneries [23]. At present, however, progress is
slow and even the importation of ethanol has allegedly ceased for
technical reasons [36].

Brazil produced 31 billion liters of bioethanol in 2010 and has
a large potential for further expansion [37]. High oil prices can pave
the way for other tropical countries, such as Nigeria, to make this
journey faster, but efﬁcient production of sugarcane must be the
cornerstone. Major sugarcane producing countries have production
yields of sugarcane ranging from 60 to 80 tons ha1 yr1 [37]. The
corresponding ﬁgure for Nigeria in 2009 was 20 tons ha1 yr1,
a dramatic reduction from the 1980s, when about 40 tons ha1 yr1
was documented [38]. In fact, Nigeria presently imports most of its
reﬁned sugar [28]. Table 1 displays documented production yields
of sugarcane, cassava and sweet sorghum in Nigeria and other
countries along with ethanol yields from the respective crops.
5.3. Cassava
Nigeria is currently the world’s top producer of cassava, with
a production of 37.5 million tons in 2010 [39]. Cassava is frequently
mentioned in the context of African biofuel programs. The plant is
tolerant and frequently cultivated on “marginal land” where it does
not compete with other crops. Thus, cassava ethanol is often used
as a reference technology when assessing the potentials and constraints of biofuels in Nigeria. In countries such as Thailand and
China, cassava ethanol is a rather developed concept [40,41] and
the technology receives attention worldwide, not least because of
its potential in developing countries. However, implementing cassava ethanol has not yet produced convincing data regarding production cost and energy balance. Thailand has arguably the world’s
most developed cassava ethanol production, but its production
costs cannot compete with the price of gasoline on an energy basis
[42]. Being a starchy material, cassava requires enzymatic hydrolysis prior to fermentation, which can be regarded as a problem for
decentralized production. In addition, Nigeria, in contrast to other
countries with emerging cassava industries, is relatively dependent
on this crop for human consumption [36].
5.4. Sweet sorghum
Another plant, which may seem to meet many requirements for
bioethanol production in Nigeria, is sweet sorghum. Like sugarcane,
it requires no input of enzymes prior to fermentation. In comparison to sugarcane however, sweet sorghum requires less fertilizer
and pesticides and also less irrigation, since it is more tolerant to
salinity and drought [28]. The production quantity of sweet sorghum was 4.78 million tons in 2010, compared to 1.41 million tons
of sugarcane in the same year [39]. Sweet sorghum is well adapted
to Nigerian conditions and can be grown on marginal land. It would
also be an excellent example of co-production of food and biofuel.
Experience from sub-Saharan Africa shows that in addition to the
production of stalk of 70 tons ha1 yr1, 5 tons ha1 yr1 of edible
sorghum grain can be produced [43]. Besides, 17 tons ha1 yr1
“green trash” is produced, which can be used either for electricity
Table 1
Production yields of sugarcane, cassava and sweet sorghum in Nigeria and other
countries along with ethanol yield from respective crop. (Note that sweet sorghum
contains 0.76 tons of millable stalk per ton harvested crop [28]).
Ethanol yield
(L ton1)

References

Feedstock

Country or
region

Crop yield
(ton ha1 yr1)

5.2. Sugarcane

Sugarcane

Nigeria
Brazil

19.4
79.7

43.9
85

[28,39]
[37]

Sugarcane ethanol has been a great success in Brazil, with production prices undercutting those of reﬁned gasoline on the world
market on an energy basis [37]. With a solid industrialized sugar
production as a starting point, decades of development along with
good infrastructure and very favorable geographic conditions,

Sweet Sorghum
(millable stalk)

sub-Saharan
Africa
China

70

41.1

[28]

52

67

[87]

Nigeria
Thailand

12.0
18.8

Cassava

137
160

[39,88]
[39,42]
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production, as fertilizer or as animal feed [43]. It should be
underlined, however, that factors such as crop variety, soil quality
and cultivation methods ultimately deﬁne the productivity in the
speciﬁc case [44]. Sweet sorghum is already widely cultivated in
Nigeria, mainly for its grain [28]. However, if the stalks of the 4.78
million tons of sweet sorghum cultivated in 2010 [39] were used for
ethanol production, 118,000 tons of ethanol would have been
produced, considering the industrial yield estimated to be 24.7 kg
(31.3 L) ethanol per ton of harvested sweet sorghum [28]. For all its
advantages, however, sweet sorghum bioethanol is not a widespread industrial concept. Still, it receives a lot of attention in for
instance China, where pilot plants are in operation [45]. A potential
weak point of this crop is a high rate of sugar degradation at
ambient temperatures [46]. However, in contrast to sugarcane, it is
harvested at least twice per year, which reduces the need for
storage.
6. Biodiesel e conﬂict with food?
6.1. Simple technology in emerging phase
Biodiesel, a renewable fuel for compression ignition engines has
also received a worldwide attention. Global production of biodiesel
reached 11.1 million tons in 2008 [47]. A wide variety of crops, such
as soybean, palm, rapeseed, cotton seed, sunﬂower and groundnut
among others are used [48,49]. The technology to convert the oil
into biodiesel is rather simple, well established and can be applied
on relatively small scale. Biodiesel is produced by alcohol transesteriﬁcation of large branched triglycerides into smaller straight
chain molecules of for example methyl esters with enzyme, acid or
an alkali as catalyst [50]. The resulting fatty acid methyl esters
(FAME) are easily mixed with fossil diesel [51]. Biodiesel technology
is still in the emerging phase in Africa, no commercial biodiesel
production was reported in 2008 [30]. Despite the potentials and
availability of feedstock in Nigeria as shown in Table 2, current
biodiesel production exists only on research scale. Alamu et al. [52]
reported a research trial production of biodiesel from palm kernel
oil, and there is research going on for various edible and non-edible
feedstock for biodiesel production in some Universities in Nigeria.
6.2. Palm oil
Nigeria is ranked 4th globally in palm oil production. Nigerian
palm oil production reached 109 million tons in 2010 [39]. The
global palm oil consumption in 2010 was 48.7 million tons [53] and
palm oil is the commercial crop with the highest oil yield, having an
average yield of 4e5 tons of oil ha1 yr1 [54]. In terms of land
utilization, productivity and efﬁciency, it is the most efﬁcient oil
bearing crop [51] and has an economic life of 20e25 years [55].
There are two major products from the palm fruit and both of them
are potential feedstock for the production of biodiesel, palm oil
from the mesocarp and palm kernel oil from the endosperm. The
mesocarp and the endosperm contains about 49% of palm oil and
50% of palm kernel oil, respectively [56]. While Nigeria stands
a chance of biodiesel production on commercial quantity in the

future, it must be noted that Nigerians depends heavily on palm oil
for human consumption.
6.3. Soybeans
Nigeria also has a potential of biodiesel production from soybeans, considering the fact that Nigeria is ranked 15th in global
soybean production with 3943,000 tons current production [39].
However, the domestic and industrial demand of soybean is far
above the supply in Nigeria and soybeans have been imported from
Argentina and United States since 1999 [57]. Considering their high
protein content, soybeans are considered important for nutrition
purposes. They offer twice as much protein per kilogram as beef
and poultry and only costs one ﬁfth of their prices [57]. The average
yield of 1.2 tons ha1 yr1 is low, partly due to the fact that mostly
small holder farmers produce soybeans and this causes the domestic output to lag behind the rising demand. Fig. 2 shows domestic utilization of soybeans in Nigeria. Its non-mechanized
soybean production lags behind rising domestic demand [57], and
large-scale biodiesel production from soybeans would require
a more efﬁcient cultivation methods.
6.4. Jatropha
Studies [58e60] have shown that the price of feedstock oils
contribute with 70e95% of the total biodiesel production cost and is
an important factor affecting the economic viability of biodiesel
production. Thus the biofuel industry will be not only potentially
controversial, but also very sensitive to volatility in food prices if
edible oils are used. Hence, it is sometimes suggested as advantageous to use non-edible oil for biodiesel production [61]. This makes
Jatropha curcas an interesting feedstock for biodiesel production in
the African context. The non-edible fruits from J. curcas are a potential raw material for biodiesel production and have been studied over
the last years. It is also used due to its high adaptability to various
ecological conditions [62,63]. It survives under arid conditions on
marginal soils with low nutrient availability [64], which implies that
it does not compete with food production. The Jatropha tree can
produce seeds for 50 years and requires very little irrigation [64].
Indeed, J. curcas is a useful plant, which can be used on marginal land
and may even be used to reclaim wasteland. Production of biodiesel
from Jatropha has repeatedly been conﬁrmed and fertilizer and
biogas can be extracted as by-products [65,66].
After a period of certain optimism, however, recent reviews urge
caution [64,67]. Foremost, industrialized cultivation of J. curcas and
its environmental effects have not been fully investigated.
Regarding the production yield, a wide range of not entirely
coherent data has been reported. The productivity of Jatropha
depends on a variety of factors, but it appears that yield of up to
8 tons ha1 yr1 can be achieved under optimal conditions in terms
of land fertility, rainfall and cultivation methods [68]. However,
for semi-arid areas yields of 2e3 tons ha1 yr1 are suggested
[63,69,70]. While the plant may certainly survive without irrigation

Table 2
Potential biodiesel feedstock production in Nigeria.
Biodiesel
feedstock

Nominal
production
global rank

Current crop
production
(ton yr1)

Potential oil
production
(L ha1 yr1)

References

Palm Oil
Soy bean
Jatropha

4th
15th

1086600
393360

4950
446
1892

[39,87]
[39,87]
[87]
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and fertilizer, its productivity is negatively affected by poor
cultivation conditions [62]. India is the world leader in Jatropha
plantation development and has strongly promoted its adoption as
a feedstock for biodiesel production. In Rajasthan in India, however,
it has been reported that the cultivation in reality actually displaces
grazing and forage collection [71]. Furthermore, reports released in
2009 and 2010 by Friends of the Earth challenge about everything
positive about Jatropha, referring to experience in Swaziland and
elsewhere in Africa [72,73]. In these publications, questions are
posed that would need to be sorted out before Jatropha is planted
on a large scale, mostly referring to production yields and economic
and ecological sustainability. In Nigeria, cultivation of J. curcas is
being investigated and in the northwestern part of the country and
the oil content was measured on 57 different sites. The average oil
content of the seeds was 39% (ranging from 20.3 to 61.8%) [74]. Pilot
projects allowing for complete Life Cycle Analysis (LCA) and realistic production cost estimations have not yet been performed in
Nigeria, to our knowledge.
7. Biogas from waste

7.2. Technology with many advantages
While biogas production is neither a quick ﬁx nor the only
solution to these problems, it is indisputably advantageous in this
perspective. For clarity, also ethanol gel (as well as electricity and
cleaner fossil alternatives) can be used for cooking and local conditions should determine what is best. However, Nigeria urgently
needs to invest in both sewage systems and waste management
[81]. Biogas production is an efﬁcient way to dispose of organic
waste, while extracting both energy and fertilizer. In addition, with
biogas production, the issue of land and new cultivated areas is
circumvented, unless energy crops are grown for the sole purpose
of biogas production. Fig. 4 shows that a considerable amount of
waste is generated in some major cities in Nigeria. All this waste is
a tremendous sanitary problem and could be used for biogas production instead of the improvised open burning which is detrimental for air quality. Odeyemi [82] reported a potential of
producing about 6.8 million m3 of biogas every day from animal
waste only in Nigeria provided that the generated poultry manure
in Nigerian homes and commercial poultry farms could be used as
a feedstock for biogas production.

7.1. Biogas as cooking fuel for improvement of indoor air quality
7.3. Biogas in Asia and Africa
Biogas, a methane-rich gas produced by anaerobic treatment of
any biomass, is a multi-beneﬁt, ﬂexible technology which can be
applied on household scale, village scale or industrial scale [75,76].
Biogas can be upgraded to transportation fuel, but in Nigeria the
preferred use would probably be as cooking fuel [77], even if
electricity production also would seem attractive for large-scale
applications. The technology is straightforward and manageable
on small scale and suitable both for large grids and decentralized
use. Besides, it produces fertilizer as a valuable by-product [75].
While urban pollution is a serious issue in Nigeria, poor indoor air
quality is arguably an even bigger problem. In Nigeria, ﬁrewood is
the dominating source of cooking fuel as shown in Fig. 3, which in
addition to health problems also causes deforestation and net
emissions of CO2. It has been estimated that indoor air pollution
causes 1.6 million deaths globally per year, overwhelmingly in
developing countries where ﬁrewood is used [78]. Assuming that
120 millions Nigerians [4] belong to the 3 billion people that are
exposed to smoke from combustion of ﬁrewood [79], it could be
cautiously estimated that more than 60,000 Nigerian deaths are
caused by indoor air pollution, to a large extent among children and
women who spend a large proportion of their time at home.
Documented health problems connected to indoor air pollution
include lung diseases such as tuberculosis and lung cancer, cardiovascular disease and reduced birth-weight [80].

Small-scale biogas production is a reality in Asia. China boasts
27 million biogas plants, predominantly small-scale units on the
countryside. In India and Nepal, the technology is also widely used
[76]. The Asian experience conﬁrms the advantages discussed
above, but also that biogas investments require some kind of
ﬁnancial support from the authorities. The most common substrate
appears to be manure with or without addition of other agricultural
residuals [76]. In Africa, biogas production is still in the developing
phase. A summary from 2007 suggests that only Tanzania had
more than 1000 biogas production units and only one was of more
than 100 m3 in reactor size [83]. Common obstacles appear to be
investment cost, maintenance and technical issues, but also lack of
water (manure and water is usually mixed in equal proportions)
and education. In Nigeria, the situation can be described as
embryonic. Mshandete and Parawira [83] report ”few” small biogas
units in operation and refer to research regarding potential raw
material and production methods. This being stated, biogas must be
regarded as an interesting option for a country with urgent needs
regarding investment in sewage and waste management and with
ample supply of manure and agricultural waste. The economics of
biogas is a complicated issue, particularly when biogas is produced
on small scale and not traded on a market. For those who use
ﬁrewood for indoor combustion, the investment cost of a biogas

Fig. 3. Source of energy for domestic utilization in Nigeria; 70% of domestic fuel is
supplied in the form of ﬁrewood, 27% in the form of kerosene and 3% in the form of
other fuels [85].

Fig. 4. Municipal waste generated in some major cities in Nigeria on monthly basis [86].
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Table 3
Biofuel production status in Nigeria with land and water use evaluation.
Biofuel

Potential raw material

Industrial feasibility
in Nigeria

Proposed use

Main advantages

Land use

Water use

Bioethanol

Developing

Transport

Sizable

Under investigation

Transport

Reduced pollution, diversiﬁcation
of fuel mix
Diversiﬁcation of fuel mix

Sizable

Biodiesel

Sugarcane, sweet sorghum,
Cassava
Jatropha, palm oil, soy beans

Biogas

Manure, MSW, sewage

Good

Indoor combustion

Depends
on crop
None

Depends
on crop
Limited

production unit is usually regarded as expensive, while some of the
beneﬁts (improved health and cleaner environment) are not
directly apparent.
8. Conclusions
Nigeria has good reasons to diversify its supply of fuels and to
better exploit its natural resources, and biofuel production is an
attractive option to contribute to this development. Sugarcanebased ethanol production in Brazil has been successful, but
Nigeria should have as its ﬁrst aim to substitute its imports of
reﬁned sugar. In production of sugar for domestic consumption,
a moderate amount of ethanol can be produced from the resulting
molasses. In a longer perspective, the prerequisites for more largescale sugarcane-based biofuel sector can be studied. Meanwhile,
combined production of food and fuel from sweet sorghum can be
studied and developed on pilot scale to pave the way for possible
large-scale implementation. Furthermore, Nigeria can investigate
its possibilities to develop a domestic and perhaps regional “cassava economy”, but other products than fuel ethanol for transport
are likely to have a higher value on this market. Experience from
Thailand shows that Cassava ethanol cannot compete with gasoline
on equal market terms. Biodiesel is so far a less developed concept
in Nigeria and although Jatropha seems to be an option it is very
unclear whether it can be a suitable raw material for fuel production on a signiﬁcant scale.
However, biogas production sticks out as an option with many
advantages, most notably as a means to reduce health hazardous
indoor air pollution and deforestation. It is ﬂexible regarding raw
material, offers effective waste management, does not claim any
land, produces fertilizer as a by-product, can be implemented
relatively quickly on small scale and is suitable for decentralized
use. Table 3 summarizes important aspects of bioethanol, Jatrophabased biodiesel and biogas. An important issue would be to create
a balanced, non-corrupting subsidy system for investment and
maintenance. A certain education of the users is probably also
necessary. Access to manure makes certain rural areas suitable for
implementation, but using household waste, sewage, industrial
waste, agricultural residues and other organic material, the technology can be implemented nearly everywhere.
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This thesis presents work that was done within the Swedish Centre for Resource Recovery (SCRR).
Research and education performed within SCRR identifies new and improved methods to convert
residuals into value-added products. SCRR covers technical, environmental and social aspects of
sustainable resource recovery.

The growing global energy demand, the alarming environmental concerns as well as the non-renewability of
fossil fuels have necessitated the use of renewable forms
of energy. This thesis focuses on ethanol; and includes an
evaluation of its potential and other biofuels in Nigeria.
Ethanol can be used alone as a fuel or blended with gasoline; blending it with gasoline can improve air quality
in highly polluted urban areas. Nowadays, commercial
ethanol is produced from corn, wheat, cane- or beet sugars, generally referred
to as first generation ethanol. However, these feedstocks could also be used
for the production of animal feed or human food.
Ethanol production from lignocelluloses such as wood, forest and agricultural residues, commonly referred to as second generation ethanol, is considered more attractive considering the readily available feedstock as well as the
lack of competition with food and feed. However, the recalcitrant nature of
lignocellulosic materials makes the second generation ethanol production
more challenging than the first generation ethanol. Conventional methods of
hydrolysis and fermentation of lignocelluloses are associated with problems of
increased contamination risk and suboptimal processing conditions, among
others. Another concern with ethanol production is bacterial contamination,
which also reduces the ethanol productivity.
A novel method called ‘Simultaneous saccharification filtration and fermentation’ (SSFF), was developed and applied in the studies presented in this thesis.
It circumvents the disadvantages of the conventional methods of ethanol
production from lignocelluloses and can potentially replace the conventional
methods of lignocelluloses hydrolysis and fermentation. High solid loading
of lignocellulosic material was used to minimise bacterial infection during
ethanol production; fungal and phosphoric acid pretreatments were used to
improve ethanol yield from lignocellulosic material.
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