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Abstract 

 

Two anaerobic, thermophilic bacterial strains, isolated from hot springs in 

Grensdalur, SW-Iceland, were examined concerning their ability to produce 

biofuels (ethanol and hydrogen) from various sugars and hydrolysates of 

complex biomass. Fifteen isolates from the strain collection of the University of 

Akureyri were originally screened for ethanol and hydrogen production capacity 

on glucose, xylose and hydrolysates from Whatman paper (cellulose) and grass. 

Based on results of these cultivations one strain (AK5) was selected because of 

high ethanol production capacity and another strain (CMC15) with high hydrogen 

production capacity. A partial 16S rRNA analysis revealed that both strains 

belong to the genera Thermoanaerobacter. Hydrogen and ethanol production 

from various carbon sources were investigated as well as the effects of various 

environmental factors (substrate concentration, effect of pH, temperature and 

partial pressure of hydrogen) on growth and end product formation. The effects 

of external electron scavenging systems on end product formation was also 

investigated for strain AK5. Finally, biofuel production from hydrolysates made 

from various lignocellulosic biomass was investigated in detail and compared 

with literature values. Maximum ethanol production of strain AK5 was 1.7 

mol/mol of glucose; 1.35 mol/mol xylose; 7.7 mmol/g cellulose og 4.4 mmol/g 

grass. During growth in the presence of electron scavenging systems the strain 

almost completely shifted from ethanol to acetate formation. The main flaw of 

the strain was its intolerance towards high glucose concentrations but this may 

be minimized by using fed-batch or continuous culture techniques. Strain CMC15 

maximally produced 3,1 mol H2/mol glucose and 4.83 mol H2/g grass 

hydrolysate. Similar to strain AK5 this strain was also inhibited by increasing 

glucose concentrations, most likely because of acetate production which results 

in low pH during batch culture cultivation. Thus, continuous culture with stable 

pH regulation should be used for scaling up the cultivation of the strain.  

Keywords: Thermoanaerobacter, thermophilic, ethanol, hydrogen, complex 

biomass 
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Útdráttur 

 

Tveir loftfirrtir, hitakærir bakteríustofnar, einangraðir úr heitum hverum í 

Grensdal við Hveragerði, voru rannsakaðir með tilliti til getu þeirra til að 

framleiða lífeldsneyti (etanól og vetni) úr mismunandi sykrum og úr 

hýdrólýsötum úr flóknum lífmassa. Fimmtán stofnar úr stofnasafni Háskólans á 

Akureyri voru ræktaðir á glúkósa, xýlósa og hýdrólýsötum úr whatman pappír 

(sellulósa) og grasi. Af þessum stofnum var einn etanólframleiðandi stofn (AK5) 

og einn vetnisframleiðandi stofn (CMC15) valdir til frekari rannsókna. 

Hlutraðgreining (16S rRNA) á stofnunum sýnir að báðir tilheyra ættkvíslinni 

Thermoanaerobacter. Stofn AK5 er skyldastur T. thermohydrosulfuricus (99,1% 

skyldleiki) og stofn CMC15 er T. yonseiensis (98,9% skyldleiki). Margvíslegar 

tilraunir voru gerðar til að kanna getu bakteríanna til að brjóta niður fjölmarga 

kolefnagjafa auk þess sem könnuð voru áhrif margra umhverfisþátta (hitastig, 

pH, styrkur hvarfefna, hlutþrýstingur vetnis) á framleiðslu lokaafurða. Einnig 

voru áhrif utanaðkomandi elektrónuþega könnuð á framleiðslu afurða hjá stofni 

AK5 við niðurbrot á glúkósa. Hámarks etanólframleiðslugeta stofns AK5 er 1,7 

mól /mól af glúkósa; 1,35 mól etanól/mól xylósa; 7,7 mM/g sellulósa og 4,4 

mM/g gras. Hægt er að sveigja stofninn nær algerlega frá etanólframleiðslu yfir í 

ediksýruframleiðslu með því að halda hlutþrýstingi vetnis nálægt núlli (með því 

að hafa utanaðkomandi elektrónuþega með í ræktun). Helsti galli stofnsins er sá 

að hann þolir ekki háan styrk glúkósa. Hins vegar væri hægt að komast hjá þeim 

galla með því að rækta hann í skammtarækt eða sírækt. Mesta 

vetnisframleiðslugeta stofns CMC15 næst við lágan hlutþrýsting vetnis og er þá 

3,1 mól H2 á hvert mól af glúkósa. Vetnisframleiðsla stofnsins á grasi, 

formeðhöndluðu með 0,5 % sýru og ensímum, mælist 4,83 mól H2/g gras. Helsti 

galli stofnsins er sá að hann virðist þola illa lækkun á sýrustigi samfara 

ediksýruframleiðslu sem leiðir til þess að hann brýtur eingöngu niður hluta 

hvarfefnanna. Besta leiðin til að komast hjá þeim vanda væri að vera með 

stofninn í sírækt þar sem stöðugu kjörsýrustigi stofnsins er viðhaldið.  

Lykilorð: Thermoanaerobacter, hitakær, etanól, vetni, flókinn lífmassi,  
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1 Research objectives 

 

The objective of this research was to investigate the ability of two anaerobic, 

thermophilic bacteria to produce ethanol and hydrogen from various carbon substrates 

present in complex biomass. The strains were isolated from Grensdalur (SW-Iceland) 

and originate from the strain collection of the University of Akureyri, Iceland. Fifteen  

strains were cultivated on glucose, xylose and hydrolysates from Whatman paper 

(cellulose) and grass. Based on the ability of the strains to ferment these substrates 

and the end product formation, two strains were selected for further studies. One 

strain showed promising ethanol yields and the other showed promising hydrogen 

yields. The results are presented as two manuscripts of scientific papers (Chapters 5 

and 6). 
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2 Introduction 

 

The world´s energy demand is constantly increasing; the primary energy 

production has increased from 6.31·10
7
 GWh/year in 1970 to 1.44·10

8
 in 2008 or 

more than doubled in less than 40 years (Figure 1) and projections indicate that this 

trend will continue into the foreseeable future (EIA, 2009).  

 

Figure 1    World primary energy production 1970 to 2008 (EIA, 2009) 

 

Table 1 shows that over 85% of the world´s primary energy production is derived 

from fossil fuels (EIA). 

 

Table 1    The world´s primary energy production by energy source (%) 

Period 

Oil,                  

coal and                 

gas 

Nuclear energy 
Renewable 

energy  

1970-1974 92.7 0.8 6.5 

1975-1979 91.2 2.0 6.8 

1980-1984 88.6 3.5 7.9 

1985-1989 86.7 5.5 7.8 

1990-1994 85.7 6.3 8.0 

1995-1999 85.1 6.5 8.4 

2000-2004 85.4 6.6 8.1 
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This has raised concerns, not only because of the increase in carbon dioxide in the 

atmosphere from 355 ppm in 1990 to 391 ppm in 2011 (Mauna Loa Observatory, 

2011) leading to global warming, but also health problems associated with pollutants 

such as fine particulate organic matter and heavy metals (Noyes, P. D. et al, 2009; 

Kumaresan et al, 2011), as well as to the finite nature of these resources. 

When predicting the quantity of oil supplies, Hubbert´s Peak Theory is commonly 

used. The American geophysicist Marion King Hubbert based his theory on studies on 

how fast new oil reservoirs are discovered and on the oil production rate as well as the 

fact that crude oil is finite. To demonstrate this theory he presented in 1956 his well 

known bell shaped curve on the exhaustion of the American oil resources (Figure 2) 

(Hemmingsen, 2010). Hubberts predictions of the decrease in US oil production fit 

observations to date (EIA, 2009). 

 

Figure 2    The exhaustion of the American oil resources (Hemmingsen, 2010) 

 

The theory is considered to apply to smaller areas as well as to the world as a 

whole and it has repeatedly proved right in both smaller and larger areas (Cavallo, 

2004). As some common textbooks on the subject point out, a general view is that the 

crude oil reservoirs might be exhausted some time in the twenty-first century (Glazer 

& Nikaido, 2007). Some analysts estimate that peak oil production has already been 

reached, whereas others estimate that peak oil consumption will occur around 2020. 

This is the main reason for the increased efforts in searching for renewable, carbon-

free energy sources as well as renewable carbon-based alternatives (Rittmann, 2008). 
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2.1 Renewable energy 

 

Renewable energy is defined as energy obtained from sources that are replenished 

at no less than the same rate as they are utilized (Alexander & Boyle, 2004). Today, 

there are several known renewable energy types although less than 15% of today´s 

primary energy production can be defined as renewable energy, its proportion is 

expected to rise significantly until the year 2100 (Panwar et al, 2010). The main 

reasons for the low proportion of renewable energy are high start up costs for its 

production and the low relative price of fossil fuels. Rising prices of fossil fuels 

together with development towards less expensive production methods and possible 

governmental subsidy of renewable energy start-up and production cost, will help 

augmentation of renewable energy ratio (Environmental Literacy Council, 2008b-c). 

Below, short descriptions of the main renewable energy sources are discussed.  

 

2.1.1 Wind power 

The technique of harvesting wind power to produce electricity is highly evolved 

and can readily compete with other electricity producing techniques. One huge 

advantage of using windmills for electricity production is the fact that they do not 

produce any CO2 (Panwar et al, 2010). Wind power is used in many countries, e.g. in 

Denmark which produces about 20% of its electricity by using windmills. 

 

2.1.2 Solar energy 

Solar energy can be harnessed for the production of electricity and for the heating 

or cooling of air and water. This energy is the cleanest, most abundant, renewable 

energy source available. Modern technology allows us to capture this power in four 

ways: Photovoltaic (converting light to electricity), heating and cooling systems (solar 

thermal), concentrating solar power (utility scale), and lighting (Solar Energy 

Industries Association). The world´s solar energy electricity generation has increased 

more than 5 fold between 2000 and 2010 when it reached 23.899 MW (NREL, 1010).  
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2.1.3 Geothermal energy 

Geothermal energy is energy gained from Earth´s hydrothermal systems. Water 

that sinks below Earths surface at low temperature geothermal areas can be used as 

tap water or for heating buildings. Water from high temperature geothermal areas can 

be used as steam to heat water or to drive turbines that produce electricity 

(Environmental Literacy Council, 2008c).  

Geothermal areas with too little permeability for water to flow naturally through it 

can also be exploited for energy production. These areas are called hot dry rock and 

are usually exploited by leading cold water down through holes which are drilled into 

the ground. Steam and pressure then builds up and the steam is used to drive turbines, 

which in turn produce electricity. Hot dry rock geothermal areas are much more 

common than geothermal areas with water and steam naturally flowing through it. 

The total energy available at crustal hot dry rock geothermal reserves to a depth of 

10 km worldwide equal to 100–1000 times the total available fossil fuel energy 

(Dunchane, 1994). 

 

2.1.4 Hydroelectricity 

Hydropower is produced by the motion of water and is harnessed to power 

electricity-producing engines.  It has been utilized for a very long time, e.g. in ancient 

Greece, where water wheels where essential for grinding wheat into flour. The energy 

extracted from falling water is transformed into electricity by means of turbines and 

generators, led into an electricity grid and distributed to end users (US Department of 

Energy, 2005a-b).  Due to its dependency on water constantly running, hydropower is 

regarded as renewable energy (Environmental Literacy Council, 2008d).  The main 

benefits of hydropower are: high availability, no CO2-emissions and simple 

technology of harnessing (US Department of Energy, 2005a; Environmental Literacy 

Council, 2008d).  On the other hand, building hydro-electric power plants is very 

costly and the water lagoons occupy large areas of land which may have a negative 

environmental impact.  Once constructed, however, the operational cost is relatively 

low (Environmental Literacy Council, 2008d). 



University of Akureyri Department of Business and Science 
 

 6 

 

2.1.5 Bioenergy 

Bioenergy is energy derived from biomass, which is organic matter produced by 

plants and microorganisms (McNaught & Wilkinson, 2006). Various liquid and 

gaseous fuels can be derived from biomass (Environmental Literacy Council, 2008a) 

or heat.  The carbon dioxide fixed by plants, algae and microorganisms can also be 

combusted in the presence of oxygen rendering carbon dioxide and water  (Australian 

Institute of Energy, 2009).  Direct combustion of biomass is an ancient method to 

gain energy but is rather inefficient due to incomplete combustion and pollution.  

Hence, attention has turned more recently to the conversion of biomass to less 

polluting, easier-to-handle fuel forms, such as hydrogen, methane and ethanol.  

Biomass-derived fuels are still much more expensive than fossil fuels, but emerging 

technologies will decrease the cost in coming years (Balat, 2010; Ni et al, 2006). 
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2.2 Biomass 

 

Biomass is any carbon-based material produced by living or recently living 

organisms. Other building blocks of biomass are hydrogen, oxygen and nitrogen as 

well as traces of other elements such as phosphorus and sulphur (Biomass energy 

center). Carbohydrates, proteins and lipids are examples of biomass. 

Photoautotrophic organisms, such as plants and algae, fix CO2 from the 

atmosphere and convert it to sugars, starch and/or lignocellulosic biomass which in 

turn can be used for biofuel production. When this fuel is burnt, the CO2 is released 

back to the atmosphere causing no net change in the amount of atmospheric CO2.  

Burning fossil fuels, on the other hand, raises the atmospheric CO2 ratio since that 

carbon dioxide originates from plant material present millions of years ago thus 

releasing CO2 from long ago into the atmosphere and raising its ratio. 

The composition of biomass derived from plants is highly variable depending on 

the type of plants. Sugar and starch-rich biomass like sugarcane and corn yield mostly 

simple sugars like sucrose and glucose upon hydrolysis. Lignocellulosic biomass, on 

the other hand, is a heteropolymer containing many different types of sugars and 

lignols, bound together with various chemical bonds. Therefore, extensive 

pretreatment methods are often necessary to convert this type of biomass to 

fermentable sugars (Kosaric et al, 2001). 

 

2.2.1 Sugars (building blocks of biomass) 

Many different types of sugars exist in nature, e.g. hexoses, pentoses disaccharides 

and more. Hexoses contain six carbon molecules whereas pentoses contain five 

carbon molecules. These sugars can form chemical bonds between them, forming di- 

or polysaccharides but they can also be found as monosugars in nature. 

Most fermenting microorganisms can ferment glucose via the Embden-Meyerhof 

(EM) pathway or the Entner Doudoroff (ED) pathway (less common) (Lynd et al, 

2002). 



University of Akureyri Department of Business and Science 
 

 8 

The sugars most frequently used for biofuel production are glucose and fructose. 

Sugarcane and corn are e.g. utilized for ethanol production with fermenting 

microorganisms as they contain abundant sucrose and glucose, respectively. 

 

2.2.2 Starch 

Starch consists of two major fractions, i.e. a water soluble amylose (Figure 3), and 

a water insoluble fraction, amylopectin, with a higher molecular weight (Figure 4). 

Amylose is a linear chain of 200 to 500 glucose units connected with -1,4-O-

glycosidic bonds but amylopectin consists of glucose units connected in a chain 

containing side branches connected by -1,6-O-glycosidic bonds (Grey et al,, 2006; 

Stevenbø et al, 2006; McMutty &Simanek, 2007). Starch can be digested by humans. 

 

 

Figure 3    Amylose 

 

 

Figure 4    Amylopectin 

 

   

Sweet potatoes, rice and corn are examples of starch-rich plants which can and 

have been used for ethanol production (Kosaric et al, 2001; Chang et al, 2010). Corn 

is for instance the main source for bioethanol production in the USA (Renewable Fuel 

Association, 2010). The fact that raw material for food and feed is used for fuel 

production has provoked a worldwide food vs. fuel debate. 

Four enzymes are needed for a completed degradation of amylose and amylopectin 

to glucose. The enzymes α-amylase and β-amylase hydrolysate the α-1.4-O-glycosidic 

bonds of the amylose and within the chains of the amylopectin leaving a mixture of 

glucose, maltose and isomaltose. Maltose is a disaccharide of glucose units connected 
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with a -1,4-O-glycosidic bond and isomaltose is a disaccaride of glucose units 

connected with a -1,6-O-glycosidic bond. The enzyme amylo-1,6-O-glucosidase 

breaks the α-1,6-bonds of the isomaltose and the enzyme maltase breaks the -1,4-

glycosidic bond of the maltose (Perry, Staley & Lory, 2002). 

 

2.2.3 Lignocellulose 

Lignocellulose (Figure 5) is a complex biomass, from plants, composed of 

cellulose, hemicellulose and lignin, It constitutes about 50% of Earth‘s biomass. It is 

the largest source of renewable carbon on Earth and is therefore interesting as a 

substrate for biofuel production. The composition of lignocellulose varies (cellulose, 

40 – 55%, hemicellulose 25 – 50% and lignin 10 – 40%) depending on the origin of 

the biomass, e.g. hardwood, softwood or grasses. These three different polymers bind 

to each other with hydrogen bonds with covalent cross-links that form the complex 

lignocellulose which makes up more than 90% of the dry weight of plant cells (Balat, 

2010). 
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Figure 5    Lignocellulose (Bioenergy, 2008) 

2.2.3.1 Cellulose 

Cellulose is the most abundant organic substance on Earth. It is composed of 

thousands of -1,4 linked glucose units that form long, linear, chains (Monserrate et 

al, 2001) (Figure 6).  Hydrogen bonds within the cellulose chains and between 

adjacent chains strengthen the cellulose. It has both highly organized crystalline 

regions and less organized amorphous regions. Cellulose has a high tensile strength; it 

cannot be dissolved in water and is highly resistant to degradation compared to starch. 

Although glucose is also the only sugar present in cellulose, it cannot be digested by 

humans (Kosaric et al, 2001) because of the -1,4 linkages instead of -1,4-

glycosidic linkage in starch. 
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Figure 6    -1-4 linked glucose units of cellulose 

 

2.2.3.2 Hemicellulose 

Hemicellulose is a heteropolysaccharide with a structural homology to cellulose 

but the backbone is made of 1,4-linked -D-pyranosyl units. It consists of many types 

of sugars, e.g. pentoses  (D-xylose and L-arabinose), hexoses (L-galactose, D-

mannose, L-rhamnose, L-fructose) and D-glucuronic acid as well as acetyl groups 

(Figure 7). The sugars of hemicellulose form complex, branched chains but show a 

much lower degree of polymerization as compared to cellulose (Glazer & Nikaido, 

2007). The types of sugars and the ratio between them in the hemicellulose differ 

between plants. Hemicellulose is classified into three main groups, depending on the 

most common sugar present, namely: xylan, mannan and galactan (Bringham et al, 

1996). 

 

 

Figure 7    Example of a hemicellulose structure 
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2.2.3.3 Lignin 

Unlike cellulose and hemicellulose, lignin is a random heteropolymer bound 

together with different types of chemical bonds. It is the most abundant aromatic 

compound on Earth. It is an amorphous copolymer made of phenylpropane 

derivatives (Figure 8). 

 

Figure 8    An example of lignin structure 

 

The precursors of lignin are three alcohols derived from p-hydroxycinnamic acid; 

p-coumaryl alcohol, coniferyl alcohol and sinapyl alcohol (Galletti & Bocchini, 1995; 

Hendriks & Zeeman, 2008; Salo et al, 1989) (Figure 9). Lignin is divided into three 

categories: softwood lignin, hardwood lignin and grass lignin. Softwood lignin is 

predominantly polymers of coniferyl alcohol. Hardwood lignin is a mixture of 

coniferyl, and sinapyl alcohol in equal amounts. Grass lignin contains all of the three 

main chemicals mentioned above (Glazer & Nikaido, 2007). 

http://en.wikipedia.org/wiki/Paracoumaryl_alcohol
http://en.wikipedia.org/wiki/Coniferyl_alcohol
http://en.wikipedia.org/wiki/Sinapyl_alcohol


University of Akureyri Department of Business and Science 
 

 13 

 

Figure 9    The three main precursors of lignin 

 

Lignin lends rigidity and great strength to plants. An active plant contains hollow 

spaces, between the cellulose– and hemicellulose chains in the cell wall, for transport. 

As the plant grows older these hollow spaces fill up with lignin (e. lignification), thus 

making the plant rigid. This process enables some trees to grow up to, or even above, 

100 meters in height (Glazer & Nikaido, 2007). Lignin formation is also responsible 

for the impermeability of plants and protection against microbial attacks and invasion 

of oxygen and it is the biggest source of aromatic compounds on Earth (Hendriks & 

Zeeman, 2008).  

Only few organisms in nature are known for degrading lignin, e.g. white-rot fungi. 

None of them utilize lignin for energy but merely use it as a carbon source (Fackler et 

al, 2006; Perry et al, 2002). 
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2.3 Fermentation 

 

Organisms have three main ways of gaining energy: through photosynthesis, 

fermentation and respiration.  Fermentation takes place at anaerobic conditions, 

whereas respiration relies on the presence of oxygen. The energy harvested from these 

processes is stored as ATP (adenosine triphosphate).  In fermentation ATP is a 

product of a series of oxidation and reduction reactions, where energy is released 

from organic compounds. Respiration is superior to fermentation regarding energy 

production, yielding up to 38 ATPs from glucose oxidation compared to only 2 ATPs 

from fermentation (Lehninger et al, 2005). 

Glycolysis is the first step of breaking down glucose, for both aerobic and 

anaerobic organisms (Figure 10). It consists of two main phases: preparatory 

reactions, which require 2 ATPs, and oxidation reactions, where 4 ATPs are formed 

yielding a net total of 2 ATPs and two molecules of pyruvate. Additionally, two 

molecules of NADH are produced from one mole of glucose through glycolysis.  

 

Figure 10    Glycolysis 
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A less common pathway for glucose degradation is the Entner Doudoroff pathway 

(ED). The net production of ATPs by ED is only one ATP.  An example of a 

bacterium that uses ED is the powerful ethanol producer Zymomonas mobilis.  

After glycolysis, the most profitable way for an organism is to degrade pyruvate 

completely to carbon dioxide by the citric acid cycle and channel the electrons 

through the respiratory chain. However, this is only possible when oxygen is present 

as the terminal electron acceptor, since under anaerobic conditions NADH needs to be 

reoxidized back to NAD
+
 by reducing pyruvate to reduced end products (e.g. ethanol, 

lactate, hydrogen, butyrate) without ATP formation (Figure 11).  

 

 

Figure 11    Glucose degradation to various end products by strict anaerobic 
bacteria (Sveinsdottir et al., 2011) 

 

  



University of Akureyri Department of Business and Science 
 

 16 

2.4 Pretreatment of biomass 

 

As mentioned earlier, lignocellulosic biomass consists of many different types of 

sugars and aromatic compounds which are tightly bound together with various types 

of chemical bonds. Many microorganisms are equipped with various enzymes to 

break down these components. Some thermophilic bacteria, such as Clostridium 

thermocellum, Caldocellum saccharolyticum and Acidothermus cellulolyticus are 

known to have cellulolytic and/or hemicellulolytic enzymes for biomass hydrolysis 

(Chang & Yao, 2011; Bergquist et al, 1999; Gibbs et al, 1992; Te’o et al, 1995).  

However, the yields from microbial degradation of untreated complex biomass are 

usually much lower as compared to the yields obtained after various pretreatments. 

Therefore, biomass is usually pretreated to release the sugars (Figure 12), which in 

turn are fermented by fermenting microorganisms, to various biofuels. The aim of the 

pretreatment is to separate the lignin from the rest of the biomass and secondly to 

break the bonds within the cellulose and the hemicellulose to free the sugars and 

make them more accessible to the fermenting organisms. These pretreatments can be 

physical, chemical, biological or a mixture of those (Stephanopoulos, 2007). 

 

 

Figure 12    Effect of pretreatment on lignocellulosic material (Hsu et al., 1980) 
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Myriad pretreatment methods have been developed and tested under various 

conditions. Some of the most common ones are described in the following 

subchapters. 

2.4.1 Physical pretreatment 

The objective of physical pretreatments is to decrease the particle size of the 

biomass treated and increase its surface to volume ratio. This can be done by dry 

and/or wet cutting and grinding (da Costa Sousa et al, 2009; Tassinari et al. 1980). 

 

2.4.2 Physio-chemical pretreatment 

Steam explosion is a physio-chemical pretreatment that works well on biomass 

(particularly hardwoods). Hacked, wet biomass is heated up to 160 – 260°C under a 

pressure of 0.69-4.83 Mpa. After few minutes, the pressure is abruptly released 

causing the steam to explode the biomass from within (Brownell & Saddler, 1984; 

Sun et al, 2002). This method does not use any chemicals other than water and 

presents therefore no environmental costs. It is considered to be the most cost 

effective pretreatment for hardwoods and agricultural residues but is less effective on 

softwoods (Clark et al, 1987). 

Less common physio-chemical pretreatments include ammonia fiber explosion and 

CO2 explosion. Those methods use the same principles as steam explosion; they use 

liquid ammonia and CO2, respectively, which requiers recycling of the pretreatment 

agents to minimize the environmental impact and lower costs (Zeng et al, 1998). 

Liquid hot water pretreatment is performed by heating the biomass in water up to 

200 – 230°C under enough pressure to keep the water in liquid state. After about 15 

minutes in the hot water, 40 – 60% of the biomass is dissolved depending on the type 

of biomass (Mok & Antal, 1992 & 1994; Mosier, et al, 2005). 
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2.4.3 Chemical pretreatment 

Many different chemical pretreatments have been developed. The most common 

are acidic and alkaline pretreatments covered in sections 2.2.3.1 and 2.2.3.2, 

respectively (da Costa Sousa et al, 2009). 

 

2.4.3.1 Acidic pretreatments 

Acid causes chemical hydrolysis and is most effective on hemicellulose and lignin 

giving the enzymes a better access to the cellulose in the next steps (Weil et al, 2002). 

Both concentrated and dilute acids can be used. The use of concentrated acids can be 

problematic since they are very toxic and corrosive, requiring corrosion resistant 

reactors (Sivers, et al, 1995). A more favorable and thus more common method is 

using diluted acids, usually hydrochloric acid (HCl) (Esteghlalian, et al, 1997). Two 

different implementations have been reported for dilute acid pretreatment; high 

temperature (T > 160°C), continuous-flow process for low solids loading (Brennan, et 

al, 1986; Converse et al, 1989); and in low temperature (T < 160°C), batch process 

for high solids loading (Cahela et al, 1983; Esteghalian et al, 1997). 

 

2.4.3.2 Alkaline pretreatments 

Alkaline pretreatment is mainly used to solubilize and extract lignin from the 

biomass. It is based on alkaline catalysts, such as ammonia or sodium hydroxide that 

attack and cleave acetyl groups and hydrolyze lignin–carbohydrate ester linkages 

(Chang & Holtzapple, 2000). The wet biomass plus the alkaline catalyst is heated 

under pressure. When ammonia is used as the catalyst, no organic acids (which are 

major inhibitors in fermentation) form (Lau et al, 2008). 

 

2.4.4 Biological pretreatments 

Biological pretreatment can be performed using fungi that release extracellular 

enzymes that can remove lignin from the biomass (Fan et al, 1987). A disadvantage to 

using this method is that it is relatively time consuming (hours to days) and that the 

fungi may consume part of the sugars released (Christian et al, 2005). The addition of 
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the enzymes alone to the wet biomass allows them to operate at their optimal 

temperature and pH. Enzymes are usually highly specific and many cellulolytic and 

polymer degrading enzymes produced by aerobic and anaerobic bacteria and fungi 

have been identified. The enzymes most commonly used in the industrial enzymatic 

pretreatment of biomass are produced by the fungi Trichoderma reesei. Particularly 

endoglucanase, which randomly attacks the β-1,4-glucan linkages of cellulose, 

exoglucanase, which releases cellobiose from the non-reducing ends of the cellulose 

chain and cellobiase which hydrolyzes cellobiose to glucose (Glazer & Nikado, 2007; 

Lee, 1997). Examples of enzymes able to degrade polymers of hemicelluloses are 

glucuronidase, acetylesterase, xylanase, β-xylosidase, galactomannanase and 

glucomannanase (Duff & Murray, 1996). The main benefits of using enzymatic 

pretreatments are the mild environmental conditions used minimizing the corrosion 

problems that are often associated with using acid or alkaline pretreatments, their use 

in catalytic amounts, and their renewable nature (Faber, 2004; Bornscheuer & 

Kazlauskas, 2006). The main drawback of using enzymes is their high cost (Duff & 

Murray, 1996). 

 

2.4.5 Inhibitory compounds formed during pretreatments 

During pretreatment, compounds that can inhibit enzymatic hydrolysis as well as 

fermentation, can be released and/or produced. The main inhibitory compounds that 

are byproducts of biomass pretreatments are furfural, 5-hydroxymethylfurfural, 

phenolic acids and aldehydes, levulinic acid, and other aliphatic acids (Weil et al, 

2002). 
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2.5 Ethanol production 

 

The first records of ethanol (EtOH) being used as a fuel are from 1908 when a car 

produced by Henry Ford ran on a mixture of gasoline and ethanol (Gottemoeller & 

Gottemoeller, 2007). Ethanol as vehicle fuel was, however, not produced from 

biomass until the early 1930´s, when it was made from sugarcane in Brazil. EtOH 

production reached its peak at 77 million liters in Brazil during World War II (Nardon 

& Aten, 2008).  Interest in EtOH declined after the war, as it was outcompeted by 

cheap oil, but rose again during the oil crisis in the 1970´s. EtOH production from 

starch based plant materials has been rising steadily in the US since the late 1970´s 

(Nass et al, 2007). 

The worlds mineral oil reservoirs are slowly being depleted and oil has to be 

extracted from more remote areas at higher costs. This, along with steadily increasing 

demands leads to rising oil prices which makes alternative fuel sources, like ethanol 

more attractive. Since 1975, there has been a great emphasis on ethanol production 

from sugarcane in Brazil, and since the late 1970´s there has been a steady increase in 

ethanol production from starch-based plant material in the US (Nass et al, 2007). 

In the year 2010, the US and Brazil produced more than 65.3 billion liters of EtOH 

which accounts for 89% of the world´s production (Renewable Fuel Association, 

2010). 

The majority of ethanol production today is achieved from the fermentation of the 

disaccharide sucrose (sugarcane) and the monosaccharide glucose (starch). The yeast 

Saccharomyces cerevisae is primarily used to ferment these sugars to ethanol. The 

properties of S. cerevisiae that make it suitable for this task are: high ethanol yields 

(>1.9 mol ethanol/mol hexose), high osmotolerance (tolerates > 12% ethanol) and 

resistance to many toxic inhibitors (Jeffries, 2006). The biggest drawback of  S. 

cerevisae is that it has a very narrow substrate range. Its wild type can only degrade 

glucose, fructose and sucrose. 

Another highly efficient ethanol producing microorganism is the anaerobic, 

mesophilic bacterium, Zymomonas mobilis. It was isolated from agave sap in Mexico, 

palm saps in Africa and Asia, and sugarcane in Brazil after it attracted microbiologists 
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attention in 1912 because of fermented apple juice (Glazer & Nikaido, 2007). 

Historically, it has been used to make alcoholic beverages from plant sap in tropical 

areas (Yanase et al, 2007). Z. mobilis has a limited substrate spectrum; it degrades 

sucrose, glucose and fructose, has a high osmotolerance and can withstand up to 13% 

ethanol by volume. The bacterium can grow in the presence of up to 40% glucose ( 

2.5 M), which is not surprising since it is isolated from such high sugar environments. 

Z. mobilis produces ethanol via the Entner-Doudoroff (ED) pathway; its ethanol 

efficiency on glucose is up to 97% and it grows 2.5 - 4 times faster than S. cerevisae 

(Bai et al, 2008; Rogers et al, 1982). The biggest shortcoming of Z. mobilis is its 

narrow substrate range, as the wild type Z. mobilis can only degrade glucose, fructose 

and sucrose (Swings and De Ley, 1977). Also,the fact that the enzymes responsible 

for breaking down sucrose can also polymerize it, causes a significant reduction in 

ethanol yields (Liu et al., 2010). Genes responsible for xylose and arabinose 

degradation have been introduced into Z. mobilis allowing the bacterium to convert 

xylose to ethanol (Joachimsthal and Rogers, 2000; Lawford & Rousseau, 2002).  

Ethanol produced from simple sugars is called 1st-generation production because 

this type of substrate can also be used for food and feed. This has been highly 

criticized and has led to a worldwide “food versus fuel” debate which has led to an 

increasing interest in other types of biomass for ethanol production (Srinivasan, 

2008). However, complex lignocellulosic biomass cannot be used for human 

consumption and it is therefore an interesting alternative substrate for ethanol 

production. This has led to increased research within this field for the last 10 to 15 

years. Ethanol production from this type of biomass is referred to as 2nd-generation 

ethanol production. 

As mentioned earlier, lignucellulosic biomass consists of many different types of 

hexoses, pentoses and aromatic compounds bound together with different types of 

chemical bonds. The wild type of the S. cerevisae can only degrade glucose, fructose 

and sucrose but no pentoses which are present in large amounts in lignocellulosic 

biomass. Therefore, it is unsuitable for degradation of lignocellulosic biomass 

(Jeffries, 2006). Genetic engineering has been used to introduce genes, coding for 

enzymes that degrade arabinose and xylose (van Maris et al., 2007) but it has been 

difficult to obtain stable cultures (Sanchez et al, 2010; Wisselink et al., 2008). 
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A search for a suitable microorganism for ethanol production from complex 

biomass is a worthy assignment. It has been known for long that thermophilic bacteria 

can ferment various carbohydrates to ethanol, among various other end-products. 

However, it was not until 1980 that the focus was directed to ethanol production as a 

fuel, using these bacteria (Ben Bassat et al, 1981; Lamed & Zeikus, 1980). 

 

In general, a good ethanol producer should have the following qualities (Dien et al, 

2003; Glazer & Nikaido, 2007). 

 

 Be able to hydrolyze complex biomass 

 Be able to ferment many different types of sugars to ethanol 

 Tolerate high concentrations of substrates 

 Withstand high concentrations of ethanol 

 Grow in the presence of inhibitory compounds from complex biomass 

 Grow at simple and inexpensive conditions 

 Grow at high temperatures and extreme pH to prevent contamination by other 

microorganisms 

 

To date, no microorganism with all the above listed qualities has been found. The 

biggest problem with thermophilic bacteria, regarding ethanol production, is their low 

tolerance towards ethanol and lower ethanol yields because of the production of other 

end products. The yeast S. cerevisae and the bacterium Z. mobilis can grow in the 

presence of up to 12 and 13% (w/vol) of ethanol respectively, but most wild type 

thermophilic bacteria tolerate less than 3% (w/v). A number of studies on the ethanol 

tolerance of thermophilic bacteria have been performed as well as attempts to enhance 

their ethanol tolerance. A mutant strain of Thermoanaerobacter ethanolicus was able 

to tolerate up to 10% ethanol (wt/vol) and the genetically engineered highly efficient 

xylose degrader Thermoanerobacter mathranii BG1L1 was able to tolerate up to 8% 

(Carriera et al, 1983; Georgieva et al, 2008b). A Clostridium thermocellum mutant 

strain S7 has been reported to be able to grow in the presence of 6% ethanol (w/v) 

(Wang et al., 1983) and Thermoanaerobacter thermohydrosulfuricus strain 39E that 

was repeatedly transferred to media with increasing ethanol concentrations 
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(evolutionary adaptation) resulted in a mutant able to produce ethanol at up to 8.0% 

(wt/vol) whereas the parent strain was completely inhibited at ethanol concentrations 

of 2.0% (Lovitt et al., 1984).  

2.5.1 Ethanol production from complex biomass 

It has long been known that thermophilic bacteria can ferment various 

carbohydrates to ethanol. As the “food versus fuel” debate has become more blatant 

in the last couple of decades, thermophilic bacteria have gained interest as potential 

ethanol producers from complex biomass. The earliest investigations of thermophilic 

bacteria using complex biomass for ethanol production focused on 

Thermoanaerobacter brockii, Thermoanaerobacter thermohydrosulfuricus, 

Thermoanaerobacter ethanolicus and Clostridium thermocellum (Ben Bassat et al., 

1981; Lamed & Zeikus, 1980a; 1980b; Wiegel et al, 1983; Lovitt et al, 1984). More 

recent investigations on ethanol production capacity from various cellulosic and 

lignocellulosic biomass of other Thermoanaerobacter species, Clostridium species 

and Thermoanaerobacterium have been carried out.  

Ethanol production by Clostridium thermocellum has been tested on various 

cellulose and lignocellulosic biomass. The highest ethanol yields from cellulosic 

biomass are 8.2 mM g
-1 

from filter paper. Its yields from avicel was up to 7.2 mM g
-1

 

and it showed similar yields from paddy straw, sorghum stover and corn stubs, 

pretreated with alkali (Balusu et al, 2004; 2005). None of the above mentioned 

investigations used higher concentrations of cellulose than 8.0 g L
-1

. Later studies 

showed dramatic decrease in yields with increased substrate concentrations (Lin et al, 

2010). 

Thermoanaerobacterium sp. AK17, isolated from an Icelandic hot spring was able 

to produce 4.0 and 8.6 mM g
-1

 on acid/alkali pretreated grass and cellulose 

respectically (Almarsdottir et al, 2012). Those yields were obtained by a substrate 

loading of 2.5 g L
-1

. The yields dropped to 2.0 mM g
-1

 on grass and 5.8 mM g
-1

 on 

cellulose when raising the substrate loading to 7.5 g L
-1

 (Almarsdottir et al, 2012; 

Sveinsdottir et al, 2009). 

The highest ethanol yields from complex biomass so far are 9.2 mM g
-1

 from corn 

stover and wheat straw pretreated with acid or wet oxidation. This was achieved by 
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the strain Thermoanaerobacterium BG1L1 (Georgieva & Ahring, 2007; Georgieva et 

al, 2008a).  
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2.6 Hydrogen production 

 

The hydrogen molecule carries a high energy content (140 MJ/kg) and its 

combustion results in water as the only product. This, as well as the fact that hydrogen 

is the most abundant element on Earth, makes it very interesting as an energy carrier 

and has ignited research of this biofuel. 

Most of the hydrogen produced today is derived from natural gases (hydrocarbons) 

via steam methane reforming (Turner, 2004). The steam reformation of methane is 

divided into two steps. The first step (Eq. 1), where the hydrogen is formed, occurs 

typically at temperatures 800°- 1000°C and 20 – 35 atm but the later one (Eq. 2), 

where CO is converted to CO2, occurs at 200 – 400°C (Fernández, et al, 2012). 

CH4(g) + H2O(g) ⇆ CO(g) + 3H2(g), ΔH298K = +206 kJ/mol  (1) 

CO(g) + H2O(g) ⇆ CO2(g) + H2(g), ΔH298K = −41 kJ/mol  (2) 

Hydrogen can also be produced by electrolysis of water (Zeng & Zang, 2009) and 

biologically. As with ethanol, first generation hydrogen production refers to its 

production from sugars and sugar based biomass whereas second generation 

production is from lignocellulosic biomass.  

 

2.6.1 Electrolysis 

Hydrogen can be produced by leading an electrical current through water. This 

breaks the chemical bonds between the oxygen and the hydrogen of the water 

molecules yielding hydrogen and oxygen. Hydrogen is drawn towards the positively 

charged cathode while the oxygen moves towards the negatively charged anode 

(Leroy, 1983). Figure 13 shows a basic water electrolysis system. 



University of Akureyri Department of Business and Science 
 

 26 

 

Figure 13    A basic water electrolysis system (Zeng & Zhang, 2009) 

 

Water is indeed a renewable resource and there is plenty of it. The downside of this 

method is, however, that only a fraction of the energy put into the electrolysis is 

recovered in the hydrogen produced. 

 

2.6.2 Hydrogen production by microbes 

Microbes can produce hydrogen in four different ways: direct photolysis, indirect 

photolysis, photofermentation and fermentation. Hydrogen produced by microbes is 

called biohydrogen (Kotay et al, 2008). 

 

2.6.2.1 Direct photolysis 

Some green algae and cyanobacteria that absorb photons from the sunlight, use the 

energy from them to split water and generate reduced ferredoxin to drive the 

reduction of protons to hydrogen. Two photosynthetic systems (PSII and PSI) are 

needed for photosynthesis. The electrons that are generated when PSII adsorbs light 

energy, are transferred to ferredoxin (Fd) using the solar energy absorbed by PSI. 

Green algae and cyanobacteria possess a hydrogenase that accepts the electrons from 

the ferredoxin to produce hydrogen (Figure 14). Green plants do not possess the 
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hydrogenase and can therefore not produce H2, instead they reduce CO2 (Ni et al., 

2006). A downside to this method is that it requires a large surface area. (Hallenbeck 

et al, 1978; Miyamoto et al, 1979).  

 

Figure 14    Biophotolysis (Hallenbeck et al., 2009) 

 

 

 

2.6.2.2 Indirect photolysis 

Some microorganisms can produce hydrogen by indirect photolysis (Benneman, 

2000). This production consists of two main stages separated in space and time 

(Figure 15). The first step uses the same two photosynthetic systems (PSII and PSI) to 

generate electrons and transfer them to ferredoxin, but instead of producing hydrogen 

via hydrogenase, carbohydrates are produced and stored. Later, in the second step, 

these stored carbohydrates are converted to hydrogen and carbon dioxide in a light 

driven process under oxygen-depleted conditions. 
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Figure 15    Indirect photolysis 

 

Cyanobacteria, such as Aphanocapsa montana, Anabaena variabilis and Spirulina 

have been reported to produce hydrogen via indirect photolysis (Benneman, 2000). 

 

2.6.2.3 Photofermentation 

Photofermenting bacteria can produce hydrogen from various substrates, especially 

organic acids, using the energy from the light of the sun (Miyamoto et al, 1979; Yetis 

et al, 2000) (Figure 16). 

 

Figure 16    Photofermentation (Hallenbeck et al, 2009) 
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The main disadvantage of this method of producing hydrogen is that complex 

biomass usually needs to be pretreated before fed to the bacteria, high concentration 

of biomass diminishes light diffusion into the bioreactor and the reactor surface area 

needs to be large (Koku et al, 2003). 

 

2.6.2.4 Fermentation 

It has long been known that hydrogen can be produced by growing anaerobic 

bacteria on carbohydrate-rich substrates in the absence of light (dark fermentation). 

As mentioned earlier, fermentation of such substrates leads to the production of 

various end products (ethanol, lactate, butyrate, hydrogen and carbon dioxide) 

depending on environmental conditions and the microbes involved. Early 

investigations were mostly on mesophilic bacteria within the genera of Enterobacter, 

Citrobacter (Liu et al, 2003; Nakashimata et al, 2002; Oh et al, 2003) and 

Clostridium. The production of hydrogen is however thermodynamically more 

favorable at higher temperatures and the variety in end-products is less. Recently, the 

production of H2 by thermophiles has received attention (van Groenestijn et al, 2002; 

van Niel et al, 2003). 

Figure 17 shows the main degradation pathways of fermenting microorganisms 

resulting in different end products. 
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Figure 17    Dark fermentation (Hallenbeck et al., 2009) 

 

 

The amount of H2 produced by a fermenting microorganism depends on the 

fermentation pathways it uses. If it produces acetate, the theoretical yield of hydrogen 

is 4 moles per mole glucose according to the following equation (Argun et al, 2008). 

 

C6H12O6 + 4 H2O  2CH3COO
-
 + 4H2 + 2HCO3

-
 + 4H

+
   (1) 

If the final product is butyric acid, the theoretical yield of H2 is two moles of H2 

per mole of glucose (Levin et al, 2004): 

 

C6H12O6 + 2 H2O  CH3CH2CH2COO
-
 + 2H2 + 2HCO3

-
 + 3H

+
  (2) 

No hydrogen is produced if the end products are ethanol or lactate (Koskinen et al, 

2008): 

C6H12O6 + 2 H2O  2CH3CH2OH + 2HCO3
-
 + 2H

+
   (3) 

C6H12O6  2CH3CHOHCOOH + 2H
+
    (4) 
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In recent years, because of thermodynamic interactions, thermophilic and 

extremophilic bacteria (Thermoanaerobacterium, Caldicellulosiruptor and 

Thermotoga) have been most extensively studied for hydrogen production. Batch 

experiments on the H2 production capacity of Thermotoga  neopolitana from glucose 

and xylose have shown yields of 3.85 and 2.20 mol H2 mol sugar
-1

 respectively. The 

experiments were carried out with sugar concentrations of 5 to 7 g L
-1

 (Eriksen et al, 

2008; d’Ippolito et al, 2010; Nguyen et al, 2008, 2010a,b,c; Munro et al, 2009). 

Thermotoga elfii and Thermotoga  maritima showed yields from 1.67 to 4.00 mol H2 

mol glucose
-1

 (Nguyen et al, 2008; Schröder et al, 1994; van Niel et al, 2002). 

Caldicellulosiruptor saccharolyticus produced 6.6 mol H2 mol sucrose
-1

 (= 3.3 mol 

H2 mol hexose
-1

) (van Niel et al., 2002) and 3.6 mol H2 mol glucose
-1

 (Vrije et al, 

2007). Caldicellulosiruptor owensis has been reported to produce 3.8 and 2.7 mol H2 

mol sugar
-1

 from glucose and xylose respectively in continuous cultures (Zeidan & 

van Niel, 2010). 

A batch culture of Thermoanaerobacter tengcongensis, continuously flushed with 

N2 in order to keep the partial pressure of H2 low, resulted in almost all the glucose 

converted to acetate indicating the formation of 4.0 mol H2 per mol glucose degraded 

(Soboh et al, 2004). 

Among other thermophilic bacteria that have shown interesting hydrogen yields 

are Clostridium sp. (Almarsdottir et al, 2010 ; Levin et al, 2006), 

Thermoanerobacterium saccharolyticum (Cao et al, 2010; Kadar et al, 2004) and 

Pyrococcus furiosus (Schicho et al, 1993).  

 

2.6.2.5 Hydrogen production from complex biomass 

Studies on hydrogen production from complex biomass has proliferated recently 

and available data on H2 production from complex biomass has exploded in the last 

three years. Various types of complex biomass have been used for thermophilic 

biohydrogen production in both laboratory and pilot scale processes. Table 2 shows 

selected literature on highest yields of hydrogen production in batch cultivation from 

complex biomass. The most dominant bacteria studied belong to the extremophiles 

often with hydrogen yields up to 4 moles of hydrogen from glucose equivalents. 
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Table 2    H2 production in batch cultures from agricultural wastes and energy 

crops 

 

  

Organisms Feedstock H2 yield 

(mol H2 mol 

glc
-1

 equiv.) 

Temp 

(C°) 
Reference 

Caldicellulosiruptor 

saccharolyticus 
 

paper 
sludge 
 

3.70 
 

 

70 
 

 

Kadar et al, 

2004 
 

Caldicellulosiruptor 

thermocellum 
 

Delignified wood 

fibers 
 

1.00-2.30 
 

 

60 
 

 

Levin et al, 

2006 
 

Caldicellulosiruptor 

thermocellum 27405 
 

Cellulose 
 

 

0.08-2.00 
 

 

60 
 

 

Levin et al, 

2006 
 

Thermotoga neapolitana 
 

 

Microcrystalline 

cellulose 
 

1.00-2.20 
 

 

80 
 

 

Nguyen et 

al, 2008b 
 

Thermoanaerobacterium  

thermosaccharolyticum 
 

Miscanthus 

hydrolysate 
 

3.40 
 

 

72 
 

 

Vrije et al, 

2009 
 

Thermotoga neapolitana 
 

 

Miscanthus 

hydrolysate 
 

3.20 
 

 

80 
 

 

Vrije et al, 

2009 
 

Caldicellulosiruptor  

saccharolyticus 
 

Wheat straw 
 

 

3.8 
 

 

70 
 

 

Ivanova et 

al, 2009 
 

Caldicellulosiruptor   

saccharolyticus 
 

Maize leaves 
 

 

3.67 
 

 

70 
 

 

Ivanova et 

al, 2009 
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2.7 Ethanol and hydrogen producing thermophilic 

bacteria 

 

Thermophilic bacteria have gained increased interest in the last two decades 

because of their ability to produce hydrogen and ethanol from biomass. Thermophiles 

can be found in many places in nature where temperatures are relatively high. 

Thermophilic bacteria are divided into moderate thermophiles 55 – 75°C opt, true 

thermophiles 55 – 75°C opt and extremophiles > 75°C (Brock, 1986). Hot springs are 

an example of a thermophile habitat that provide an environment with a stable 

temperature (Brock, 1986; Kristjansson & Alfredsson, 1986). High temperature fluids 

tend to contain little to no oxygen due to its low solubility in water. Thermophilic 

bacteria therefore live in surroundings with little or even no oxygen and thus are 

obligate or facultative anaerobes (Amend & Shock, 2001), with chemolitho- or 

heterotrophic metabolism. Fermentaion of organic material by these microbes results 

in the formation of various end products, e.g.  acetate, ethanol, butyrate, lactate and 

hydrogen (Madigan et al, 2003).  

The bacteria known as the best ethanol producers today belong to the genera of 

Clostridium, Thermoanaerobacter and  Thermoanaerobacterium and the bacteria 

known as the best hydrogen producers belong to the genera Caldicellulosiruptor and 

Thermotoga (Sveinsdottir, et al, 2009). Below is a short description of these genera. 

 

2.7.1 Clostridium 

The genus Clostridium belongs to the family Clostridiaceae, order Clostridiales, 

class Clostridia and phylum Firmicutes (LPSN, List of Prokaryotic names with 

Standing in Nomenclature, J.P. Euzéby). The genus Clostridium is a very large genus 

and contains over 200 validly described species. Phylogenetic analysis of Clostridium 

bacteria have shown big distances in relations within the genus and in fact it is high 

time that these bacteria be reclassified. About half of the species could be classified to 

other genera (Collins et al., 1994). Many species within Clostridium are capable of 

polymer degradation and thus extensive research has been done on them regarding 

http://www.bacterio.cict.fr/cv.html
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biofuel production from complex biomass (Canganella and Wiegel, 1993; Carreira & 

Ljungdahl, 1993). 

 

2.7.2 Thermoanaerobacterium 

Thermoanaerobacterium belongs to the order Thermoanaerobacterales, the class 

Clostridia and the phylum Firmicutes (Lee et al, 1993). Thermoanaerobacterium falls 

into clusters V, VI and VII in the phylogenetic interrelationships of  Clostridium 

(Collins et al, 1994). The type species for Thermoanaerobacterium is 

Thermoanaerobacterium thermosulfurigenes which was reclassified from the genus 

Clostridium in 1993 (Lee et al, 2008). Nine validly described species belong to 

Thermoanaerobacterium; T. aciditolerans, T. aotearoense, T. saccharolyticum, T. 

thermosaccharolyticum, T. thermosulfurigenes, T. xylanolyticum, T. fijiensis, T. 

polysaccharolyticum and T. zeae. Thermoanaerobacterium species are all strict 

anaerobic and degrade various carbohydrates to acetate, ethanol, lactate, H2 and CO2. 

Bacteria within this genus reduce thiosulfate to elementary sulfur (Lee et al, 1993). 

 

2.7.3 Thermoanaerobacter 

Bacteria within the genus Thermoanaerobacter used to belong to the genus 

Clostridium. The genus Thermoanaerobacter was first described in 1981 by J. Wiegel 

and L. G. Ljungdahl. The genus falls within the clusters V, VI and VII in 

phylogenetic interrelationships of Clostridium species as does 

Thermoanaerobacterium (Collins et al, 1994). The type species is 

Thermoanaerobacter ethanolicus, which has been reported to produce 1.9 mol 

ethanol mol glucose
-1

, or the highest yields reported for thermophilic bacteria (Wiegel 

& Ljungdahl, 1981). Today, the genus consists of 18 named species (Table 3). Most 

of these species have a broad substrate spectrum and can degrade both hexoses and 

pentoses. Their main end products are ethanol, acetate, H2, CO2 and lactate. Bacteria 

within the genus are gram-variable and sporulation is variable. Most of them reduce 

thiosulfate to H2S (Lee et al, 1993).  
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Table 3    End product formation from glucose by Thermoanaerobacter 

End products 
Organism Temperature 

min/opt/max 
pH 

min/opt/max 
EtOH Ac Lac H2+CO2 

T. acetoethylicus 40/>65/80 5.5/XX/8.5 + + - + 

T. brockii subsp. brockii 35/65-70/85 5.5/7.5/9.5 + + + + 

T. ethanolicus 37/69/78 4.4/5.8-8.5/9.8 + + + + 

T. italicus 45/70/78 xx/7.0/xx + + + + 

T. keratinophilus 50/70/80 5.0/7.0/9.0     

T. kivui xx/66/xx xx/6.4/xx  +   

T. mathrani 50/70-75/75 4.7/7.0/8.8 + + + + 

T. pseudoethanolicus xx/65/xx   + + + + 

T. siderophilus 39/69-71/78 4.8/6.3-6.5/8.2 +  + + 

T. subterraneus 35/65/80 5.5/7.5/9.0 - + + + 

T. sulfurigignens 34/63-67/72 4.0/5.0-6.5/8.0 + + + + 

T. sulfurophilus 44/55-60/75 4.5/6.8-7.2/8.0 + + trace   

T. tengcongensis 50/75/80 5.5/7.0-7.5/9.0 + + - + 

T.thermocopriae 47/60/74 6.0/6.5-7.3/8.0 + + + + 

T. thermohydrosulfuricus 37/67-69/78 5.5/6.9-7.5/9.2 + + + + 

T. uzonensis 32.5/61/69 4.2/7.1/8.9     

T. wiegelii 38/65-68/78 5.5/6.8/7.2 + + + + 

T. yonseiensis 50/75/85 4.5/6.5/9.0 + + + + 

 

 

Of Thermoanaerobacter species, T. acetoethylicus, T. thermocopriae, and T. 

yonseiensis have been reported to produce butyrate whereas formate has only been 

detected from T. thermohydrosulfuricus. T. etanolicus has the highest recorded yields 

of ethanol from glucose, 1.9 mol EtOH mol glc-1 (Carreira et al, 1983; Wiegel & 

Ljungdahl, 1981). 
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2.7.4 Caldicellulosiruptor  

The genus was presented in 1994 (Rainey et al, 1994). Today, the genus consists 

of nine extremely thermophilic named species; C. acetigenus, C. bescii, C. 

hydrothermalis, C. kristjanssonii, C. kronotskyensis, C. lactoaceticus, C. obsidiansis, 

C. owensis and C. sacchaorolyticus (Sveinsdottir, M. et al, 2009). C. saccharolyticus 

and C. owensis have been most thoroughly investigated concerning hydrogen 

production. C. saccharolyticus has been reported to produce 3.60 mol H2 per mol 

glucose in a continuous culture (Vrije et al, 2007) and C. owensis has been reported to 

produce 3.80 mol H2 per mol glucose in a continuous culture (Zeidan & van Niel, 

2010). 

 

2.7.5 Thermotoga 

The genus was first presented in 1986. It is a genus of extremely thermophilic, 

anaerobic bacteria. In fact they grow at the highest reported temperatures for bacteria 

(Huber et al, 1986) The type species is T. maritima. Now, the genus consists of nine 

identified species; T. elfii, T. hyperogea, T. lettingae, T. maritima, T. naphthophila, T. 

neapolitana, T. petrophila, T. subterranean and T. thermarum. Hydrogen production 

is more thermodynamically favorable at higher temperatures (Kengen et al, 2009), as 

stated earlier, and this is indeed the case with the genus Thermotoga. Within the 

genus are the species with the highest recorded yields of hydrogen; T. neapolitana 

that produces 3.85 mol H2 per mol glucose in continuous culture (d’Ippolito et al, 

2010), and T. maritima which has been recorded to produce 4 moles of H2 per mol 

glucose in a batch culture (Schroder et al, 1994). 
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Abstract 

 

The ethanol production capacity from sugars and lignocellulosic biomass hydrolysates 

by Thermoanaerobacter strain AK5 was studied in batch cultures. The strain converts 

various carbohydrates to acetate, ethanol, hydrogen and carbon dioxide. Maximum 

ethanol yields on glucose and xylose were 1.70 and 1.35 mol/mol sugar, respectively. 

Increased initial glucose concentration, up to 30 mM, increased the end product 

formation but levelled off at higher concentrations. Cultivation of the strain on 

glucose with decreasing liquid-gas ratios resulted in a shift to more acetate and less 

ethanol. End product formation from glucose was further manipulated by adding 

extracellular electron acceptor (thiosulfate) or by using a co-culture of 

hydrogenotrophic methanogen. In both cases, the hydrogen scavenging systems 

resulted in a dramatic shift from ethanol to acetate.  Ethanol production was 

investigated by growing on 4.5 g L
-1

 of complex biomass hydrolysates of grass, hemp, 

wheat straw, newspaper and cellulose that was pretreated with acid (0.50% H2SO4), 

alkali (0.50% NaOH) and controls without acid/alkali treatment, followed by 

incubation with the enzymes Celluclast
®
 and Novozymes 188 (0.1 mL g

-1
 dw; 70 and 

25 U g
-1

 of Celluclast and Novozyme 188, respectively).  The highest ethanol yields 

(27.5 mM; 5.5 mM g
-1

 biomass) were obtained on cellulose but lowest on hemp leafs 

(5.1 mM; 0.8 mM g
-1

). Chemical pretreatment increased ethanol yields substantially 

from lignocellulosic biomass but not from cellulose. Most pronounce increase was on 

straw hydrolysates where ethanol production increased from 5.5 mM to 15.2 mM on 

alkali pretreated biomass. Ethanol yields were increased from 5.5 mmol to 7.7 mmol 

g
-1

 on cellulose by decreasing the hydrolysate concentration to 2.25 g L
-1

 because of 

incomplete glucose degradation in the higher loaded system. 

 

 

 

Keywords: Ethanol, Thermoanaerobacter, lignocellulose, hydrolysates, electron 

scavenging system 
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Introduction 

 

Lignocellulosic biomass is composed of cellulose, hemicellulose and lignin and is 

very complex compared to starch and sugars, which are the substrates that are 

responsible for more than 95% of total world ethanol production today (Renewable 

Fuel Association, 2011). The main reason for the unsuccessful implementation of 

more complex biomass for fuel production lies in their complex structure and the 

pretreatments needed for their degredation to hexoses and pentoses (Gírio et al., 

2010).  

Another bottleneck for ethanol production from lignocellulose is the lack of 

suitable microorganisms with broad substrate spectrum. The two best known ethanol 

producing microorganisms are Saccharomyces cerevisae and Zymomonas mobilis. 

Both have very narrow substrate spectrum and may not be suitable for ethanol 

production from more complex substrates. Therefore, increased interest has been on 

the use of thermophilic bacteria with broad substrate range and high yields. After the 

oil crisis in the 1980’s publications on thermopilic ethanol producing bacteria started 

to appear in literature (Wiegel, 1980; Wiegel and Ljungdahl, 1981). Thermophilic 

bacteria within the genera of Thermoanaerobacterium, Thermoanaerobacter and 

Clostridium have been investigated and showed good ethanol yields and fast growth 

rates (Lacis and Lawford, 1988; Orlygsson et al., 2010; Sveinsdottir et al., 2009). 

There are several advantages to using these bacteria: the increased temperature deters 

contamination from mesophilic bacteria, possible self-distillation of ethanol avoiding 

the generally low ethanol tolerance problem with those bacteria and broad substrate 

spectrum (Sommer et al., 2004; van Groenestijn et al., 2002). Most studies on 

thermophilic ethanol producing bacteria have been on simple sugar fermentation, both 

in batch and continuous cultures. Several bacteria have shown good yields, e.g. 1.5 to 

1.9 mol-EtOH mol-hexose
-1

 degraded but the theoretical maximum yield is 2.0 mol-

EtOH mol-hexose
-1

 (Avci et al., 2006; Carreira et al., 1983; Koskinen et al., 2008; 

Lacis and Lawford, 1988; Lovitt et al., 1988; Sveinsdottir et al., 2009; Wiegel and 

Ljungdahl, 1981).  
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Relatively few studies are on ethanol yields from hydrolysates made from 

lignocellulosic biomass. The present study focuses on a newly isolated thermophilic 

bacterium, Thermoanaerobacter AK5. Bacteria within this genus seem to be very 

efficient ethanol producers both from simple sugars (Avci et al. 2006; Carreira et al. 

1983; Fardeau et al. 1996; Georgieva et al. 2008; Wiegel & Ljungdahl, 1981) as well 

as from complex biomass (Avci et al., 2006; Georgieva et al., 2007; Georgieva et al., 

2008; Rani et al., 1998; Sommer et al., 2004; Wiegel et al., 1983). Bacteria within the 

genus are Gram variable rods with broad substrate spectrum (mostly sugars) and 

produce ethanol, acetate, lactate, hydrogen and carbon dioxide during fermentation 

(Carlier et al., 2006; Lee et al., 1993).  

In this paper, we describe the physiological characteristics of  

Thermoanaerobacter AK5, isolated from Icelandic hot spring with the main focus on 

the ethanol production capacity.  

 

Materials and methods 

 

Medium  

The medium (per liter) consisted of: NH4Cl 0.3 g, NaCl 0.3 g, CaCl2 0.11 g, MgCl2 x 

6H2O 0.1 g, yeast extract 2.0 g, resazurin 1 mg, trace element solution 1 ml, vitamin 

solution 1 ml and NaHCO3 0.8 g. Phosphate buffers were also used where 1 M stock 

solutions of NaH2PO4 and Na2HPO4 were made and added to the media to give a 

buffer capacity of 30 mM. The vitamin solution was according to DSM141. The trace 

element was as described earlier by Örlygsson and Baldursson (2007). The medium 

was prepared by adding the phosphate buffer, yeast extract and resazurin to distilled 

water, which was then boiled for 5-10 min and cooled while flushing with nitrogen. 

The mixture was then transferred to cultivation bottles and autoclaved for 60 minutes. 

All other components of the medium were added separately through filter-sterilized 

solutions. The gas phase in all experiments consisted of pure nitrogen except for the 

isolation of the methanogen when a mixture of H2 and CO2 was used (80/20). All 
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experiments were performed at 65°C at pH 7.0 without agitation. The inoculum 

volume was 2% in all experiments. All experiments were done in duplicates.  

 

Isolation of strains 

Strain AK5 was isolated on glucose (20 mM) from a hot spring (64°C, pH 6.7) in 

Grensdalur in SW Iceland. Sample was collected by using an extended pole with grip 

arms placed at the end. Sterile serum bottles (117.5 mL) were fixed at the end, opened 

and completely filled with geothermal mud/liquid sample and closed with butyl 

rubber and aluminium caps and transferred to the laboratory. Pure culture was 

obtained by repeated enrichment on glucose followed by end point dilutions and 

isolations of colonies from agar plates (Orlygsson and Baldursson, 2007). A  

hydrogenotrophic methanogenic strain (HT) was also isolated on BM medium but 

instead of using nitrogen as gas phase a mixture of H2/CO2 (80/20) was used. Again 

pure cultures were obtained by repeated enrichments and end point dilutions. For the 

final dilution series, antibiotics (penicillin; 54 µg mL
-1

 and streptomycin; 80 µg mL
-1

) 

were used to exclude heterotrophic bacterial growth.  

 

Optimum growth conditions and kinetics of glucose degradation 

To determine the strain’s optimum pH for growth the initial pH was set to various 

levels in the range of 3.0 to 9.0 with increments of 1.0 pH unit. The experimental 

bottles were supplemented with acid (HCl) and alkali (NaOH) to set the pH 

accordingly. To determine the optimum temperature for growth the incubation 

temperature varied from 35°C to 80°C. For the pH optimum the strain was cultivated 

at 65°C and for the temperature optimum the pH was 7.0. Optimal pH and 

temperature were used in all experiments performed. Experiments were done in 117.5 

mL serum bottles with 50 mL liquid medium. In one set of experiment, kinetics of the 

strain was done on glucose (20 mM) were gaseous (0.2 mL) and liquid (1.0 mL) 

samples were withdrawn at certain time intervals and glucose, end products, growth 

(optical density) as well as pH were analysed. 
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Phylogenetic analysis 

Partial 16S rRNA analysis of 716 nucleotide long sequence was done according to 

Orlygsson and Baldurson (2007) and references therein. Sequences from 16S rRNA 

analysis were compared to sequences in the NCBI database using the nucleotide-

nucleotide BLAST (BLASTN) tool. The most similar sequences were aligned with 

the sequencing results in the programs BioEdit (Hall, 1999) and CLUSTAL_X 

(Thompson et al., 1997). Finally, the trees were displayed with the program 

TreeView. Caloramator viterbensis was used as an outgroup.  

 

Effect of initial glucose concentration on end product formation 

The effect of glucose concentration on strain AK5, by varying the concentration from 

5 to 100 mM, was tested. Control samples did not contain glucose. Glucose, 

hydrogen, acetate and ethanol concentrations were measured at the beginning and at 

the end of incubation time (5 days). Experiments were done in 117.5 mL serum 

bottles with 60 mL liquid medium. All experiments were done in duplicate and the pH 

was analysed at the end of incubation time.  

 

Substrate utilization spectrum  

The ability of strain AK5 to utilize different carbohydrates was tested using the BM 

medium supplemented with various substrates. Substrates tested were: xylose, 

arabinose, glucose, mannose, galactose, fructose, rhamnose, maltose, cellobiose, 

sucrose, lactose, trehalose, raffinose, starch, cellulose, CMC, avicel, xylan (from oat 

spelts), glycerol, pyruvate, serine and threonine. All substrates were added from filter 

sterilized substrates except for xylan, starch, CMC, cellulose and avicel which were 

autoclaved with the medium. In all cases the concentration of substrates were 20 mM 

except for xylan, starch, CMC, cellulose and avicel when 2 g L
-1

 were used. Optical 

density (OD 600 nm) was measured at the beginning and at the end of incubation time 

(5 days) except for samples containing xylan, starch, CMC, cellulose and avicel 

where hydrogen production was used as an indicator of positive growth.  Where 
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growth was detected, hydrogen, volatile fatty acids and ethanol were analysed. 

Experiments were done in 24.5 mL serum bottles with 10 mL liquid medium.  

 

Pretreatment of biomass and hydrolysates preparation 

Hydrolysates (HL) were made from different biomass: Whatman filter paper 

(cellulose – control sample), hemp (Cannabis sativa) – leafs and stem fibres, 

newspaper with ink, barley straw  (Hordeum vulgare) and grass (Phleum pratense). 

Hydrolysates were prepared according to Sveinsdottir et al. (2009), yielding a final 

dry weight of 22.5 g L
-1

.  Biomass was pretreated chemically by using 0.50 % (v/v) of 

acid (H2SO4) or alkali (NaOH) (control was without chemical pretreatment) before 

autoclaving (121°C, 60 min). Two commercial enzyme solutions, Celluclast
®
 (750 

U/g) and Novozyme 188 (200 U/g) (Sigma), were added to each bottle after chemical 

pretreatment; the bottles were cooled down to room temperature and the pH adjusted 

to 5.0 before enzymes were added. Thereafter, the   hydrolysates were incubated in 

water bath at 45°C for 68h. After the enzyme treatment the pH was measured again 

and adjusted with NaOH or HCl to pH 6.5 which is the pH optimum of the strain. The 

hydrolysates were then filtered (Whatman – WeiBrand; 0.45 µm) into sterile bottles.  

 

Fermentation during external electron scavenging systems 

In one set of experiments, strain AK5 was incubated on glucose (20 mM) in the 

presence of thiosulfate (40 mM) or in co-culture with a hydrogenotrophic methanogen 

(HT). The HT strain was pre-grown in BM medium with a gas phase consisting of 

80% H2 and 20% CO2 for one week. Then, the experimental culture bottles were 

flushed with nitrogen prior to the addition of glucose (20 mM) and inoculation with 

strain AK5. The co-culture was incubated at 65°C for four days.  

 

Fermentation of hydrolysates 

Fermentation of carbohydrates present in hydrolysates was performed in 24.5 mL 

serum bottles. The medium (8.0 mL) was supplemented with hydrolysates (2.0 mL – 
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total liquid volume of 10 mL) giving a final hydrolysate concentration of 4.5 g L
-1

. 

Control samples did not contain hydrolysate. In one experiment lower concentrations 

of hydrolysates were used for fermentation, or 2.25 g L
-1

.  

 

Analytical methods 

Hydrogen, ethanol and volatile fatty acids were measured by gas chromatography as 

previously described (Orlygsson and Baldursson, 2007). Glucose was determined by 

slight modification of the method from Laurentin and Edwards (2003); liquid sample 

(400 µL) was mixed with 2 mL of anthrone solution (0.2% anthrone in 72% sulfuric 

acid). The sample was boiled for 11 minutes and then cooled down on ice. 

Absorbance was then measured at 600 nm by using Perkin-Elmer Lambda-25 UV-Vis 

spectrophotometer. 

 

Results & discussion 

 

The strain AK5 clearly belongs to the genus Thermoanaerobacter (Figure 1). Its 

closest relative is T. thermohydrosulfuricus (99.1% homology) and T. wiegelii 

(98.9%) but it is also closely related to T. ethanolicus (98.7%), T. siderophilus 

(98.4%) and T. acetoethylicus (98.0%). The genus Thermoanaerobacter falls into 

Clusters V in the phylogenetic interrelationship of Clostridium according to Collins et 

al. (1994). The taxonomy of the genus was refined by Lee et al. (1993) but since then 

many new species have been described or renamed (e.g. T. brockii) (Cayol et al., 

1995) or reassigned to a new genus, Caldanaerobacter (Fardeau et al. 2004). All 

species within the genus are obligate anaerobes, ferment various carbohydrates to 

ethanol, acetate, lactate, hydrogen and carbon dioxide (Lee et al. 1993). Some species 

can degrade amino acids (Fardeau et al. 1996; Fardeau et al. 1997). Most strains can 

reduce thiosulfate to hydrogen sulphides which makes these bacteria a potential 

biocorrosive agents in e.g. the oil petroleum fields (Fardeau et al. 1993).  Today, the 

genus consists of 18 species according to the Euzeby list of prokaryotes. 
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Figure 1. Phylogeny of strain AK5 based on partial 16S rRNA sequence 
analysis. The phylogenetic tree was generated by using distance matrix and 
neighbor joining algorithms. Caloramator viterbiensis was selected as 
outgroup. The bar indicates 0.1 substitutions per nicleotide position.   

 

The hydrogentrophic methanogen (HT) utilized hydrogen at the rate of 0.4 mmol H2 

L
-1

 h
-1

 and cultivation on 40 mmol L
-1

 of hydrogen and 10 mmol L
-1

 carbon dioxide 

resulted in the formation of 11.0 mmol L
-1

 of methane (during 96h cultivation). The 

strain was not phylogenetically analysed.  
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Optimum growth conditions 

The strain had a relatively narrow temperature growth range or 60.0°C to 75.0°C with 

optimal temperature at 65.0°C and a maximum growth rate of 0.362 h. No growth 

was observed below 60.0°C or above 75.0°C. The pH optimum was 7.0 (maximum 

growth rate; 0.414 h). Below pH 4.0 and above pH 8.0 no growth was observed.  

 

Kinetic of glucose degradation  

The strain has a relatively long lag phase of 26 h with little glucose degradation or 

end product formation (Figure 2).  

 

 

Figure 2. Kinetics of glucose degradation by strain AK5. Glucose (□), Ethanol 
(♦), Acetate (●), Hydrogen (▲), pH (◊), growth (X). 
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After 26 h the growth suddenly increases and a dramatic drop in pH occurs and 

almost all glucose is degraded within 8 h. End product formation from glucose is 

mainly towards ethanol but also some acetate and hydrogen are produced. Ethanol 

yields are about 1.4 mol EtOH mol glucose
-1

 degraded.  

 

Ethanol production from sugars and other substrates 

One of the main reasons for increased interest in using thermophilic bacteria for 

second generation ethanol production is because of their broad substrate spectrum. 

Therefore, it was decided to cultivate the strain on the most common sugars present in 

lignocellulosic biomass as well as many others. The data from this experiment is 

presented in Figure 3. Clearly, the strain is a very powerful ethanol producer; it 

produces 1.60 mol ethanol mol glucose
-1

 and 1.35 mol ethanol mol xylose
-1

 (control 

values subtracted) or 80.0 and 81.3% of theoretical yields, respectively.  These values 

are similar to other species within the genus and some other bacteria (Fardeau et al., 

1996; Sveinsdottir et al., 2009; Wiegel and Ljungdahl, 1981). Slightly higher yields as 

compare with the kinetic experiment (Figure 2) may be explained by a constant 

disturbance by removing both gas and volatile samples in that experiment. These high 

ethanol yields are however not surprising considering that the strain is closely related 

to T. ethanolicus and T. thermohydrosulfuricus, e.g. species with excellent ethanol 

yields from sucrose, glucose and xylose (Table 1).  The substrate spectrum of the 

strain shows a broad capacity in degrading both pentoses (xylose), hexoses (glucose, 

mannose, galactose, fructose), disaccharides (maltose, cellobiose, lactose, trehalose) 

as well as starch, pyruvate and serine. In all cases the major end product is ethanol 

except for serine and pyruvate in which acetate is the primary end product. The 

highest ethanol concentrations were produced from the disaccharides maltose and 

lactose (42 - 43 mM).  
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Table 1. Ethanol production from sugars by pure cultures of 
Thermoanaerobacter species. Ethanol yields as well as substrate 
concentrations and incubation temperature are also shown.  

  

 

During growth on serine and pyruvate, the carbon flow was shifted away from 

ethanol to acetate together with hydrogen. This can be explained by the oxidation 

state of these substrates as compared to e.g. sugars. The oxidation state of the carbon 

in glucose is zero and during its oxidation to pyruvate the electrons are transferred to 

NAD
+
 leading to the formation of NADH. Reoxidation of NADH to NAD

+
 by the 

strain presumable occurs mainly through acetaldehyde dehydrogenase and alcohol 

dehydrogenase rendering ethanol as the main product. However, both pyruvate and 

serine are more oxidized substrates as compared to sugars (glucose) and there is no 

need to reoxidize NADH. Instead, the strain deaminates serine directly to pyruvate 

which is decarboxylated to acetyl phosphate (by phosphotransacetylase) and further to 

acetate (by acetate kinase) resulting in ATP formation. The strain did not degrade 

arabinose (pentose), rhamnose (hexose), sucrose (disaccharide), raffinose 

(trisaccharide), xylan, glycerol, threonine or any of the cellulosic substrates tested.  

 

 

Organisms 

 

Sugar 

 

Sugar conc. 
(g L

-1
) 

 

Ethanol Yield (mM 
mol sugar

-1
) 

 

Temp 
(°C) 

 

 

Reference 

 

T. ethanolicus 

 

Glucose 

 

8.0 

 

1.9 

 

72 

 

Wiegel & Ljungdahl (1981) 

T. ethanolicus Glucose 20.0 1.9 68 Carreira et al. (1983) 

T. ethanolicus Xylose 4.0-27.5 0.6-1.3 60 Lacis & Lawford (1988) 

T. ethanolicus Sucrose 15.0-30.0 1.8-3.6 65 Avci et al. (2006) 

T. ethanolicus Xylose 5.0 1.0-1.2 65 He et al. (2010) 

T. ethanolicus Glucose 5.0 1.2-1.3 60 He et al. (2010) 

T. thermohydrosulfuricus Glucose 5.0 1.6 60 Lovitt et al. (1984) 

T. thermohydrosulfuricus Glucose 10.0 1.4-1.9 65 Lovitt et al. (1988) 

T. thermohydrosulfuricus Sucrose 15.0-30.0 1.1.3.0 65 Avci et al. (2006) 

Thermoanaerobacter sp. 65-2 Sucrose 15.0-30.0 1.3-3.2 65 Avci et al. (2006) 

T. finni Glucose Not analysed 1.5 60 Fardeau et al. (1996) 

T. finni Xylose Not analysed 1.8 60 Fardeau et al. (1996) 

Thermoanaerobacter AK33 Glucose 3.6 1.5 70 Sveinsdottir et al. (2009) 

Thermoanaerobacter AK33 Xylose 3.6 0.8 70 Sveinsdottir et al. (2009) 

Thermoanaerobacter AK5 Glucose 3.6 1.7 65 This study 

Thermoanaerobacter AK5 Xylose 3.0 1.3 65 This study 
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Figure 3. End product formation from various substrates by strain AK5. Data 
represents average of two replicate experiments. Standard deviations are 
shown as error bars. From left to right; ethanol, acetate and hydrogen.  

 

Effect of initial glucose loadings on ethanol production 

High initial substrate concentration may inhibit substrate utilization and/or decrease 

end product yields (Lacis and Lawford 1988; Sommer et al., 2004; van Ginkel and 

Sung 2001). In closed systems, such as batch cultures, the limited buffer capacity of 

the medium may be over loaded by the accumulation of organic acids resulting in a 

pH drop and the inhibition of substrate utilization (Olsson and Hahn-Hägerdal, 1996; 

van Ginkel and Sung, 2001). To investigate the influence of initial substrate 

concentration on end product formation, changes in pH and substrate degradation, 

strain AK5 was cultivated with different concentrations of glucose (0 to 100 mM). 

The strain degraded all the glucose at lower (5 to 20 mM) initial glucose loadings. At 

30 mM loadings, 80% of the glucose was degraded but at 50 mM only 62% glucose 

degradation occurred and only 20%  at 100 mM. This is reflected in decrease in end 

product formation (Figure 4) and lower pH where the glucose loading is increased. 
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Figure 4. End product formation from different initial glucose concentrations. 
Also shown are percent of glucose degraded. Values represent means of two 
replicates and standard deviation are shown as error bars. Glucose (□), 
Ethanol (♦), Acetate (●), Hydrogen (▲). 

 

The pH was measured after fermentation and went from pH 6.5 at low glucose 

loadings to pH 4.9 at  high (≥ 50mM) loadings. This, together with the fact that end 

product formation levels off at high substrate loadings indicates that this inhibition is 

more likely to be caused by the low pH rather than the high substrate loadings.  

 

The effect of partial pressure of hydrogen on end product formation 

A change in partial pressure of hydrogen has been reported to affect end product 

formation of anaerobic bacteria. Thus, at high pH2, the product formation is directed 

towards more reduced products like ethanol and lactate but away from acetate and H2 

(Hawkes et al. 2002; Nath & Das 2004; Sigurbjornsdottir and Orlygsson, 2012; van 

Niel et al. 2006). This was tested in the present study by culturing the strain on 

glucose (20 mM) with different liquid to gas ratio (range used was from 0.04 to 3.27). 
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Theoretical yields of hydrogen production is 4 moles of hydrogen per mole of hexose 

degraded if acetate is the only carbon containing volatile end product (Hawkes et al. 

2002). The maximum hydrogen yields for strain AK5 were much lower, or 1.3 mol H2 

mol glucose
-1

 degraded at the lowest L-G ratio (Figure 5). This is not surprising since 

the strain is higly ethanolgenic. These yields were however dramatically lowered by 

increasing the L-G ratios and resulted in a dramatic shift in end product formation, or 

decrease of acetate and increse of ethanol. Maximum ethanol yields obtained were 

1.70 mol ethanol mol
-1

 glucose at the highest L-G ratio used.  

By using the fermentation data from the lowest and highest L-G ratios the following 

equations are observed:  

 

1.0 Glucose  0.70 EtOH + 0.74 Acetate + 1.30 H2 +  1.44 CO2 (low L-G; Eq.1) 

1.0 Glucose  1.70 EtOH + 0.14 Acetate + 0.10 H2 +  1.62 CO2 (high L-G; Eq.2) 

 

 

 

Figure 5. Effect of liquid/gas ration on end product formation from strain AK5. 
Ethanol (♦), Acetate (●), Hydrogen (▲).Values represent means of two 
replicates and standard deviations are shown as error bars.  
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Effect of electron scavenging systems on end product formation.  

During the oxidation of glucose to mainly ethanol it is clear from the results above 

that strain AK5 disposes of excess electrons via pyruvate through the formation of 

ethanol. This can be seen from the kinetic of glucose degradation (Figure 2) and from 

other substrates (Figure 3). However, end product formation is clearly strongly 

influenced by pH2 (Figure 5). It is also known that members within the genus 

Thermoanaerobacter can use external electron acceptors like thiosulfate (Fardeau et 

al. 1993; Fardeau et al. 1996; Fardeau et al. 1997). To investigate further the influence 

of pH2 the strain was cultivated under two different electron scavenging systems; a 

nonbiological system with thiosulfate and a biological system with a co-culture of 

hydorogenotrophic methanogen. As stated earlier, the strain was producing mainly 

ethanol from glucose without thiosulfate in pure culture. This was, however, 

dramatically shifted by using S2O3 or a methanogen; in both cases, ethanol became 

only a minor product and the main volatile end product was acetate (Table 2). 

 

Table 2. Utilization of glucose by strain AK5 in the presence of thiosulfate or a 
hydrogenotrophic methanogen. Data represents average of two replicate 
experiments ± standard deviations 

 

Thiosulfate reduction to sulphide is a common characteristic of sulfate reducing 

bacteria (Le Faou et al. 1990) but it is also a common among thermophilic bacteria 

that belong to the genera Thermoanaerobacter and Thermoanaerobacterium (Lee et 

al. 1993). Fardeau and coworkers (Fardeau et al. 1997) showed a dramatic shift in end 

product formation by Thermoanerobacter finni on glucose when grown on glucose in 

  

Concentration (mmol L
-1

) 

  
Ethanol 

 
Acetate 

 
Hydrogen 

 
Methane 

     

Control 1.7 ± 0.1  2.4 ± 0.1  2.2 ± 0.1  0.0 ± 0.0 

Control + S2O3 0.9 ± 0.1 3.7 ± 0.2 0.1 ± 0.0 0.0 ± 0.0 

Control + Methanogen 0.0 ± 0.5  9.2 ± 0.4  0.0 ± 0.0 3.0 ± 0.0  

     

Glucose 29.1 ± 1.5 10.0 ± 0.3 16.1 ± 0.5 0.0 ± 0.0 

Glucose + S2O3 5.0 ± 0.3 34.9 ± 2.1 1.9 ± 0.1 0.0 ± 0.0 

Glucose + Methanogen 3.4  ± 0.2 34.9 ± 1.2 0.0 ± 0.0   18.0 ± 1.2   
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the presence and absence of thiosulfate. In that case, both ethanol and lactate 

decreased during thiosulfate reduction to hydrogen sulphide acetate increased. The 

influence of using biological hydrogen scavenging systems has also been investigated 

by Thermoanaeobacter brockii during amino acid degradation (Fardeau et al. 1996). 

Both thiosulfate and the presence of hydrogen scavenging methanogen were crucial 

for the oxidative deamination of the branched chain amino acids by this strain. 

However, degradation of more easily degradable amino acid serine was completely 

degraded in the presence and absence of thiosulfate and Methanobacterium sp. 

although a shift occurred between ethanol and acetate formation.  

 

Fermentation of hydrolysates from lignocellulosic biomass 

The strain is producing 26.6 to 27.6 mM of ethanol from 4.5 g L
-1

 of hydrolysates 

made from cellulose (Table 3). The yields on cellulose (5.5 to 5.7 mM g
-1

 dw) are less 

as compared to glucose degradation alone. This difference can be explained by 

incomplete glucose degradation on cellulose hydrolysates but between 8.2 and 10.3 

mM of glucose were left in the fermentation broth after fermentation. No sugar was, 

however, analysed in fermentations with other types of hydrolysates. The main reason 

for this is likely due to high initial glucose concentrations as observed earlier (Figure 

3) on glucose alone. To investigate this further, the strain was incubated in 

hydrolysates containing  less biomass, or 2.25 g L
-1

. Ethanol yields from cellulose 

increased to 7.7 mM g
-1

 (dw) and no glucose was detected after fermentation (results 

not shown). Other end products (acetate and hydrogen) were also produced in the 

similar proportions as observed on glucose alone. The addition of acid or alkali agents 

did not increase end product formation yields on cellulose as was clearly observed on 

most of the lignocellulosic substrates. Highest ethanol yields on the more complex 

biomass types (without chemical pretreatment) were observed on hemp stem (3.0 mM 

g
-1

 dw) but lowest on straw (0.9 mM g
-1

 dw). Addition of either acid or alkali 

increased yields substantially on most of the lignocellulosic biomass tested. The 

increase was most profound on hydrolysates from straw pretreated with alkali (2.73 

times) and acid (2.36 times).  
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Table 3. Production of end products from hydrolysates (4.5 g L-1) from 
different biomasses. Values represent mean of  two replicates (± standard 
deviation). na = not analysed 

  

Concentration (mmol L
-1

) 

 

Biomass and 

pretreatment 

Ethanol Acetate Hydrogen Glucose (t=0) Glucose 

(t=final) 

 

Control 1.9 ± 0.1 2.5 ± 0.1 2.0 ± 0.1 0.0 0.0  

 

Cellulose 

 

27.4 ± 0.6 

 

5.1 ± 0.0 

 

10.1 ± 0.3 

 

26.5 ± 0.1 

 

10.3 ± 0.4 

 

Cellulose - acid 27.6 ± 1.1 4.4 ± 0.4 7.8 ± 0.5 26.9 ± 0.1 9.8 ± 0.5  

Cellulose - alkali 26.6 ± 0.9 4.0 ± 0.1 9.0 ± 0.3 27.0 ± 0.1 8.2 ± 0.3  

 

Hemp Stem 

 

15.0 ± 0.2 

 

5.0 ± 0.2 

 

6.3 ± 0.3 

 

na 

 

0.0 ± 0.0 

 

Hemp Stem - acid 16.4 ± 0.9 5.2 ± 1.5 6.6 ± 0.1 na 0.0 ± 0.0  

Hemp Stem - alkali 16.8 ± 0.2 5.7 ± 0.1 5.3 ± 0.4 na 0.0 ± 0.0  

 

Hemp Leaf 

 

5.9 ± 0.1 

 

2.8 ± 0.2 

 

2.9 ± 0.1 

 

na 

 

0.0 ± 0.1 

 

Hemp Leaf - acid 7.1 ± 0.1 2.9 ± 0.6 3.3 ± 0.2 na 0.2 ± 0.0  

Hemp Leaf - alkali 4.8 ± 0.1 2.9 ± 0.4 2.4 ± 0.2 na 0.0 ± 0.0  

 

Grass 

 

11.6 ± 0.5 

 

4.0 ± 0.1 

 

5.5 ± 0.2 

 

na 

 

0.0 ± 0.0 

 

Grass - acid 21.3 ± 0.7 6.5 ± 0.2 7.4 ± 0.4 na 0.0 ± 0.0  

Grass - alkali 14.0 ± 0.5 5.8 ± 0.1 5.4 ± 0.1 na 0.0 ± 0.0  

 

Paper 

 

8.4 ± 0.2 

 

3.2 ± 0.1 

 

4.6 ± 0.1 

 

na 

 

0.0 ± 0.0 

 

Paper- acid 10.4 ± 0.1 3.9 ± 0.4 4.5 ± 0.2 na 0.0 ± 0.0  

Paper - alkali 11.8 ± 0.8 4.0 ± 0.2 3.8 ± 0.2 na 0.0 ± 0.0  

 

Straw 

 

5.5 ± 0.3 

 

2.5 ± 0.1 

 

2.9 ± 0.1 

 

na 

 

0.1 ± 0.0 

 

Straw - acid 13.1 ± 0.1 5.1 ± 0.1 6.1 ± 0.2 na 0.1 ± 0.0  

Straw - alkali 15.2 ± 1.1 6.9 ± 0.1 6.0 ± 0.1 na 0.0 ± 0.1  

 

 

The highest ethanol yields by Thermoanaerobacter species have been reported by 

Thermoanaerobacter strain BG1L1 on wheat straw (Georgieva et al., 2008) and corn 

stover (Georgieva et al., 2007), or 8.5 - 9.2 mmol g
-1

 sugar consumed (Table 4). 

Among other studies with good yields from lignocellulose are e.g. Clostridium 

thermocellum on paddy straw, sorghum stover and corn stubs (Rani et al., 1998) and 

Thermoanaerobacter mathranii on wheat straw (Klinke et al., 2001). Bacteria within 

the genus Thermoanareobacterium have also been shown to have very good ethanol 

yields on both sugars and lignocellulosic biomass (Almarsdottir et al., 2012). Strain 
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AK17, produces 8.6 mM g
-1

 cellulose hydrolysate and 5.5 mM g
-1

 grass hydrolysate at 

very low substrate (2.5 g L
-1

) concentrations (Almarsdottir et al. 2012). Thus, strain 

AK5 has higher yields on glucose (1.7 mol ethanol mol glucose
-1

) as compared to 

Thermoanaerobacterium AK17 (1.5 mol ethanol mol glucose
-1

),  but yields on 

cellulose and grass were slightly lower. 

 

Table 4. Ethanol production from lignocellulosic biomass by pure cultures of 
Thermoanaerobacter species. Cultivation were either in batch or continuous 
(con). EtOH yields given in mM/g substrate degraded as well as substrate 
concentrations and incubation temperature are also shown. * = sugar 
concentration.  

 
 
 

Conclusion 

 

Ethanol production was studied by Thermoanaerobacter AK5 isolated from hot spring 

in Iceland. The main aim of the study was to investigate the importance of the partial 

pressure of hydrogen on end product (ethanol) formation by either using high pH2 or 

hydrogen scavenging systems. Additionally, ethanol yields from various 

lignocellulosic biomass hydrolysates were studied. Basic findings of the strain were 

the following:  

  
Biomass 

 
Substrate conc. 

(g L-1) 

 
Ethanol Yields  

(mM g sugar-1) 

 
Temp.  

(°C) 

 
Reference 

T. ethanolicus Wood hydrolysate 8.0 

 

3.3 – 4.5 70 Wiegel et al. (1983) 

T. mathranii Wheat straw 6.7 1.3 70 Ahring et al. (1999) 

T. mathranii Wheat straw 6.7 5.3 70 Klinke et al. (2001) 

T. etahnolicus Beet molasses 19.5 4.8 65 Avci et al. (2006) 

T. thermohydrosulfuricus 70-1 Beet molasses 19.5 3.0 65 Avci et al. (2006) 

Thermoanaerobacter sp. 65-G Beet molasses 19.5 7.3 70 Avci et al. (2006) 

Thermoanaerobacter BG1L1 Corn stover 12.0 – 41.0 8.5-9.2 70 Georgieva et al. 

(2007) 
Thermoanaerobacter BG1L1 Wheat straw 11.0 – 40.0 8.5-9.2 70 Georgieva et al. 

(2008) 

Thermoanaerobacter AK33 Grass 7.5 1.4 70 Sveinsdottir et al. 
(2009) 

Thermoanaerobacter AK33 Cellulose 7.5 3.9 70 Sveinsdottir et al. 

(2009) 

Thermoanaerobacter AK5 Cellulose 2.25 7.7 65 This study 
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 Ethanol yields of 1.70 mol EtOH mol glucose
-1

 and 1.35 mol EtOH mol 

xylose
-1

. 

 Broad substrate spectra, degrades various hexoses, pentoses, disaccharides and 

polymeric substrates.  

 Inhibited by relatively low initial substrate (glucose) concentrations. 

 Is highly flexible for either ethanol or acetate production depending on the 

culture conditions used.  

 Produces up to 7.7 mM EtOH g
-1

 cellulose and 4.4 mM g
-1

 grass hydrolysate.  

In summary, the results indicate that the strain is a promising ethanol producer with 

high yields from lignocellulosic biomass. Ethanol yields can be maximized by 

cultivating the strain under high pH2 hydrogen. The main drawback of the strain is its 

inhibition of substrate (glucose) utilization at elevated substrate concentrations. This 

limitation could be solved by cultivating the strain in fed batch or continuous mode.  
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Abstract 

 

The hydrogen production capacity of the thermophilic strain CMC15 was studied in 

batch culture. According to partial 16S rRNA gene sequence analysis the strain 

belongs to the genus Thermoanaerobacter and is most closely related to T. 

yonseiensis (98.9% homology) and T. keratinophilus (98.5%). The growth of strain 

HLG15 was observed at temperatures between 50 and 75°C with optimal growth 

between 65 and 70°C. The optimum pH for growth was between pH 6 to 7 but growth 

was observed from pH 4 to 8. The strain converts various carbohydrates to acetate, 

ethanol, hydrogen and carbon dioxide. The effect of substrate (glucose) inhibition was 

investigated and good correlation was observed between increased substrate loadings 

and end product formation up to 10 mM; at glucose concentrations ≥ 10 mM glucose 

the substrate was not completely degraded. Also, the pH at the end of fermentation 

dropped from 6.5 (control without glucose) to 5.5 (at ≥ 50 mM glucose). By varying 

the liquid to gas phase during glucose fermentation in a batch a clear correlation was 

found between increased acetate and hydrogen production at low gas-to-liquid 

conditions and less ethanol. End product formation from hydrolysates made from 

lignocellulosic (4.5 g L
-1 

([dw])) biomass (cellulose from Whatman paper), 

newspaper, grass (Phleum pratense), barley straw (Hordeum vulgare), and hemp 

(stem and leaves of Cannabis sativa), was investigated. The biomass was pretreated 

with either a acid (HCl) or a base (NaOH) as well as enzymes (Celluclast® and 

Novozyme 188). The strain produced the most hydrogen (5.8 to 6.0 mol-H2 g
-1

) from 

cellulose hydrolysates but less from newspaper and lignocellulosic biomasses (2.52 to 

4.83 mol H2 g
-1

). The hydrogen production from lignocellulosic biomass was however 

enhanced significantly by acid and base pretreatment with the highest production 

from grass 7.6 mol H2 g
-1

 dw. Other end products were acetate, ethanol and carbon 

dioxide.  

Keywords: Hydrogen, Thermoanaerobacter, carbohydrates, lignocellulose, 

hydrolysates 
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Introduction 

 

Currently, most of the world’s energy demand is met by nonrenewable fossil fuels. 

Energy consumption is growing at an increasing rate leading to increased interest of 

renewable alternatives to fossil-based fuels (Saxena  et al. 2009; Zaldivar  et al. 2001; 

Sánchez & Cardona  2008). Biohydrogen has a great potential as a clean, renewable 

energy carrier with 2.75 times higher energy density compared to hydrocarbon fuels 

and produces water as the sole end product after combustion (Levin  et al. 2004; 

Kapdan  & Kargi  2006; van Groenestijn et al. 2002). Most of the hydrogen produced 

today is derived from natural gases via the steam reformation of methane and other 

hydrocarbons (Turner, 2004). 

Production of biohydrogen (and bioethanol) through microbial fermentation are 

well known processes. Both mesophilic bacteria within the genera of strict anaerobes 

e.g. Clostridium (Taguchi et al. 1992; Kataoka et al. 1997; Almarsdottir et al. 2010) 

and factultative anaerobes e.g. Citrobacter and Enterobacter (Yokoi et al. 1995; Oh et 

al. 2003) have been extensively studied for this purpose. The hydrogen production 

yields of these bacteria are often in the range of 1 to 2 mol H2 mol hexose degraded or 

far away from the theoretical maxium of 4 mol H2 mol glucose degraded (Nandi & 

Sengupta, 1998). The main reason for this is because of thermodynamic hindrance at 

lower temperatures due to the fact that H2 production from either ferredoxin or 

NAD(P)H are thermodynamically unfavourable (Jones, 2008; Hallenbeck, 2009). 

Therefore, at low temperatures, elevated H2 concentrations inhibit H2 formation at 

much lower concentrations than at higher temperatures. Mesophilic and moderate 

thermophilic bacteria respond to this by directing their reducing equivalents to other 

more favourable electron acceptors and consequently produce reduced products like 

ethanol, lactate, butyrate and alanine (van Niel et al. 2003).  At high temperatures, the 

influence of the partial pressure of H2 is less on the key enzymes responsible for H2 

production leading to fewer end products and higher hydrogen yields (van 

Groenestijn, 2002; van Niel et al. 2003).  
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Hydrogen production from carbohydrates is considered to be produced mainly 

through acetate and butyrate production:  

 

C6H12O6 + 4 H2O  2CH3COO
-
 + 4H2 + 2HCO3

-
 + 4H

+
    (1) 

C6H12O6 + 2 H2O  CH3CH2CH2COO
-
 + 2H2 + 2HCO3

-
 + 3H

+
   (2) 

 

High values of hydrogen produced per mol of glucose utilized have been reported for 

the hyperthermophiles Caldicellulosiruptor saccharolyticus and Thermotoga elfii or 

3.3 to 4.0 mol-H2 mol carbohydrate (van Niel . et al. 2002; Schroder et al. 1994; 

Zeidan & van Niel 2010).In an enrichment culture isolated from Icelandic hot spring 

Koskinen et al got up to 3.2 mol-H2 mol-glucose-1 in a semi-continous batch reactor 

and 2.10 mol-H2 mol-glucose
-1

 in batch culture (2008a; 2008b). 

 

Most of the above mentioned studies used simple sugars but not complex biomass or 

agricultural residues. Lignocellulose is composed of cellulose, hemicellulose and 

lignin and constitutes about 50% of Earth’s biomass (Renewable Fuels Association, 

2011). It is the largest source of renewable carbon on Earth and it is not used as a food 

source for people and is therefore a potential candidate as a substrate for biofuel 

production (Balat, 2010). One of the main reasons for increased interest in the use of 

thermophiles, apart from thermodynamics and fewer end products formed, is the fact 

that they have a broader substrate spectrum as compared to most mesophilic bacteria 

and may therefore be good candidates for hydrogen production from ligncoellulosic 

biomass (Almarsdottir et al 2012; Sigurbjornsdottir & Orlygsson, 2012). The lignin 

fraction of the lignocellulose needs to be removed and the hemicellulose and cellulose 

fraction hydrolysed, before fermentation. The main sugars after chemical and 

enzymatic pretreatment are various hexoses and pentoses that are in turn degraded to 

various end products depending on the culture conditions and microbes used.  

Hot springs are a potential source for hydrogen producing microorganisms. In 

this study, a thermophilic bacterium, isolated from an Icelandic hot spring, with 

hydrogen and acetate as its main end products, was studied. The fermentation of 



University of Akureyri Department of Business and Science 
 

 79 

various carbohydrates and hydrolysates from several types of lignocellulosic 

biomasses was investigated. The optimal conditions for hydrogen production in terms 

of the partial pressure of hydrogen (pH2), temperature and pH were explored and 

kinetic parameters for glucose degradation determined. 

 

Materials and methods 

Medium  

The medium (per liter) consisted of: NH4Cl 0.3 g, NaCl 0.3 g, CaCl2 0.11 g, MgCl2 x 

6H2O 0.1 g, yeast extract 2.0 g, resazurin 1 mg, trace element solution 1 ml, vitamin 

solution 1 ml and NaHCO3 0.8 g. Phosphate buffers were also used where 1 M stock 

solutions of NaH2PO4 and Na2HPO4 were made and added to the media to give a 

buffer capacity of 30 mM.  The vitamin solution was according to DSM141. The trace 

element solution was as described earlier by Örlygsson and Baldursson (2007). The 

medium was prepared by adding the phosphate buffer, yeast extract and resazurin to 

distilled water, which was then boiled for 5-10 min and cooled while flushing with 

nitrogen. The mixture was then transferred to cultivation bottles and autoclaved for 60 

minutes. All other components of the medium were added separately through filter-

sterilized solutions. All experiments were performed at 65°C at pH 7.0 without 

agitation. The inoculum volume was 2% in all experiments. All experiments were 

done in duplicates. The medium hereafter is referred as BM medium. 

 

Isolation of strain 

The strain was isolated from a hot spring (70.1°C, pH 7.0) in Grensdalur, S-W 

Iceland. Samples were collected by using an extended pole with grip arms placed at 

the end. Sterile serum bottles (117.5 mL) were fixed at the end, opened and 

completely filled with geothermal mud/liquid sample and closed with butyl rubber 

and aluminium caps and transferred to the laboratory. Pure cultures were obtained by 

repeated enrichments and end point dilutions (Orlygsson and Baldursson, 2007) on 

hydrolysate (HL) made from grass (Phleum pratense). The concentration of the HL 
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was 17.5 g L
-1 

(dw). The HL was made by using enzymatic hydrolysis but without 

chemical pretreatment (see later).  

 

Optimum growth conditions and kinetics of glucose degradation 

To determine the strain’s optimum pH for growth the initial pH was set to various 

levels in the range of 3.0 to 9.0 with increments of 1.0 pH unit. The experimental 

bottles were supplemented with acid (HCl) and alkali (NaOH) to set the pH 

accordingly. To determine the optimum temperature for growth the incubation 

temperature varied from 35°C to 80°C. For the pH optimum the strain was cultivated 

at 65°C and for the temperature optimum the pH was 7.0. Optimal pH and 

temperature were used in all experiments performed. Experiments were done in 117.5 

mL serum bottles with 50 mL liquid medium. In one set of experiment, kinetics of the 

strain was done on glucose (20 mM) were gaseous (0.2 mL) and liquid (1.0 mL) 

samples were withdrawn at certain time intervals and glucose, end products, growth 

(optical density) as well as pH were analysed. 

 

Phylogenetic analysis 

Partial 16S rRNA analysis of 716 nucleotide long sequence was done according to 

Orlygsson and Baldurson (2007) and references therein. Sequences from 16S rRNA 

analysis were compared to sequences in the NCBI database using the nucleotide-

nucleotide BLAST (BLASTN) tool. The most similar sequences were aligned with 

the sequencing results in the programs BioEdit (Hall, 1999) and CLUSTAL_X 

(Thompson et al., 1997). Finally, the trees were displayed with the program 

TreeView. Caloramator viterbiensis was used as an outgroup.  

 

Effect of initial glucose concentration on end product formation 

The effect of glucose concentration on strain HLG15, by varying the concentration 

from 5 to 200 mM, was tested. Control samples did not contain glucose. Glucose, 

hydrogen, volatile fatty acids (VFA) and ethanol concentrations were measured at the 
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beginning and at the end of incubation time (5 days). Experiments were done in 117.5 

mL serum bottles with 60 mL liquid medium. All experiments were done in 

duplicates and the pH was analysed at the end of incubation.  

 

Substrate utilization spectrum  

The ability of strain CMC15 to utilize different carbohydrates was tested using the BM 

medium supplemented with various substrates in 24.5 mL serum bottles with 10 mL 

liquid medium. Substrates tested were: xylose, arabinose, glucose, mannose, 

galactose, fructose, rhamnose, maltose, cellobiose, sucrose, lactose, trehalose, 

raffinose, starch (from potato), cellulose, carboxymethyl cellulose (CMC), avicel, 

xylan (from oat spelts), glycerol, pyruvate, serine and threonine.. All substrates were 

added from filter-sterilized substrates except for xylan, starch, CMC, cellulose and 

avicel which were autoclaved with the medium. In all cases, the concentration of 

substrates was 20 mM except for xylan, starch, CMC, cellulose and avicel where 2 g 

L
-1

. Optical density (OD 600 nm) was measured at the beginning and at the end of 

incubation time (5 days) except for samples containing xylan, starch, CMC, cellulose 

and avicel where hydrogen production was used as an indicator of positive growth. 

Where growth was detected, hydrogen, volatile fatty acids and ethanol were analysed.  

 

Pretreatment of biomass and hydrolysates preparation 

Hydrolysates (HL) were made from different biomass: Whatman filter paper 

(cellulose – control sample), hemp (Cannabis sativa) – leafs and stem fibres, 

newspaper with ink (NPi), barley straw (BS) (Hordeum vulgare) and grass (Phleum 

pratense). HLs were prepared according to Sveinsdottir et al. (2009), yielding a final 

dry weight of 22.5 g L
-1

.  Biomass was pretreated chemically by using 0.50 % of acid 

(H2SO4) or alkali (NaOH) (control was without chemical pretreatment) before 

autoclaving (121°C, 60 min). Two commercial enzyme solutions, Celluclast
®
 (750 

U/g) and Novozyme 188 (200 U/g) (Sigma), were added to each bottle after chemical 

pretreatment; the bottles were cooled down to room temperature and the pH adjusted 

to 5.0 before enzymes were added. Thereafter, the   hydrolysates were incubated in 

water bath at 45°C for 68h. After the enzyme treatment the pH was measured again 
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and adjusted to pH 7.0 which is within the pH optimum of the strain. The 

hydrolysates were then filtered (Whatman – WeiBrand; 0.45 µm) into sterile bottles.  

 

Fermentation of hydrolysates 

Fermentation of carbohydrates present in hydrolysates was performed in 24.5 mL 

serum bottles. The medium (8.0 mL) was supplemented with hydrolysates (2.0 mL – 

total liquid volume of 10 mL) giving a final hydrolysate concentration of 4.5 g L
-1

. 

Control samples did not contain hydrolysate.  

 

Analytical methods 

Hydrogen, ethanol and volatile fatty acids were measured by gas chromatography as 

previously described (Orlygsson and Baldursson, 2007). Glucose was determined by 

slight modification of the method from Laurentin and Edwards (2003); liquid sample 

(400 µL) was mixed with 2 mL of anthrone solution (0.2% w/v in 72% sulphuric 

acid). The sample was boiled for 11 minutes and then cooled down on ice. 

Absorbance was measured at 600 nm by using Perkin-Elmer Lambda-25 UV-Vis 

spectrophotometer. 

 

Results and discussion 

Phylogeny 

The 16S rRNA analysis of strain CMC15 showed that it belongs to the genus 

Thermoanaerobacter (Figure 1). Its closest relatives are T. yonseiensis (99.9% 

homology), T. keratinophilus (99.5%), T. subterraneus (98.2%) and T. tengcongensis 

(98.0%). The genus Thermoanaerobacter falls into Clusters V in the phylogenetic 

interrelationship of Clostridium according to Collins et al. (1994). The taxonomy of 

the genus was refined by Lee et al. (1993) but since then many new species have been 

described or renamed (e.g. T. brockii) (Cayol et al., 1995) or reassigned to a new 

genus, Caldanaerobacter (Fardeau et al. 2004). All species within the genus are 
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obligate anaerobes, ferment various carbohydrates to ethanol, acetate, lactate, 

hydrogen and carbon dioxide (Lee et al. 1993). Some species can degrade amino acids 

(Fardeau et al. 1997). Most strains can reduce thiosulfate to hydrogen sulphides 

whereas Thermoanerobacterium produces sulphur from thiosulfate reduction (Lee et 

al. 1993).  Today, the genus consists of 18 species according to the Euzeby list of 

prokaryotes. 

 

Figure 1. Phylogeny of strain CMC15 based on the 16S rRNA gene sequence 
(716 bp). The phylogenetic tree was generated using a distance matrix and 
neighbour joining algorithms with 500 bootstraps. Caloramator viterbiensis 
was used as out-group. The scale bar indicates 0.1 substituitions per 
nucleotide position.   
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Optimum growth conditions 

The strain grows between 55.0°C to 75.0°C with optimal temperature at 65.0°C with 

maximum growth rate of 0.076 h. No growth was observed below 55.0°C or above 

75.0°C. The pH optimum was between 6.0 and 7.0 with maximum growth rate at 

0.096 h). Below pH 3.0 and above pH 9.0 no growth was observed.  

 

Kinetic of glucose degradation  

 

 

  

Figure 2. Kinetics of glucose degradation by strain CMC15. Glucose (□), 
Ethanol (♦), Acetate (●), Hydrogen (▲), pH (◊), growth (X). 
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The calculated doubling time of the strain is 9.6 h and hydrogen production rate of 0.6 

mmol L
-1

 h
-1

 (Figure 2). During growth, the optical density increased to 0.95 but only 

10 mM of the glucose was degraded. The only end products analysed in the 

fermentation broth were ethanol, acetate and hydrogen. The high amounts of both 

acetate and hydrogen may be explained by relatively high background values 

produced from yeast extract by the strain and are included in the figure. Thus, by 

subtracting both the values attributed to yeast extract (acetate 6.5 mM and hydrogen 

5.5 mmol L
-1

) the following stoichiometry was observed:  

 

1.0 Glucose  1.33 Acetate + 0.15 EtOH  + 2.10 H2 + 1.48 CO2  

 

  The relatively slow growth seems to be linear instead of exponential, most likely due 

to accumulation of acetate and the rapid decrease in pH in the medium. The pH at the 

start of the experiments is 6.5 but drops gradually to 4.9. The carbon balance is 83.3% 

but approximately 11% are likely in the biomass. Repeated sampling (volatiles and 

gases) may also contribute to low carbon balances.  

 

Hydrogen production from sugars and other substrates 

One of the main reasons for increased interest in using thermophilic bacteria for 

production of second generation biofuels is their broad substrate spectra (Taylor et al. 

2008; Almarsdottir et al.,2010; Sigurbjornsdottir & Orlygsson, 2012). To investigate 

this ability for strain CMC15 various carbon substrates were tested for both 

degradation and end product formation (Figure 3). The strain is indeed quite versatile 

and degrades most of the carbohydrates tested to the same end products as for 

glucose, i.e. acetate, ethanol and hydrogen (together with carbon dioxide which was 

not measured).  
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 Figure 3. End product formation from various substrates by strain HLG15. 
Data represents average of two replicate experiments. Standard deviations 
are shown as error bars. From left to right; ethanol, acetate and hydrogen.  

 

As for glucose, the ethanol productions from other sugars were usually 5 mM or less. 

Dominant end products were acetate and hydrogen, usually in the molar ratio of 

1.0:1.5. The strain degraded xylose and most of the hexoses and disaccharides tested 

as well as starch, pyruvate and the amino acids serine and threonine. No end product 

formation (above controls) was observed on arabinose, rhamnose, raffinose, glycerol, 

xylan or any of the cellulose substrate tested. The substrate spectrum has not been 

systematically investigated for Thermoanerobacter species but all species degrade 

various carbohydrates. Strain CMC15 is most closely related to is T. yonseiensis T. 

keratinophilus, T. subterraneus and T. tengcongensis. These four strains seem to have 

similar substrate spectrum as CMC15, e.g. do not degrade arabinose, raffinose and 

sucrose (except for T. yonseiensis which degrades sucrose) (Fardeau et al. 2000; Kim 

et al. 2001; Xue et al. 2001; Riessen & Antranikian G). Some of the other species 

within the genus, e.g. T. italicus, T. mathranii and T. sulfurophilus have even more 

broad substrate spectrum and can also degrade arabinose, raffinose and sucrose 

(Kozianowski et al. 1997; Larsen et al. 1997; Bonch-Osmolovskaya et al. 1997).   
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Effect of initial glucose loadings on hydrogen production 

From the kinetic experimental data (Figure 2) incomplete glucose degradation 

occurred from relatively low (20 mM; 3.6 g L
-1

) concentrations and the pH dropped 

below 5.0. This inhibition may be of great significance in up-scaling batch processes 

and was investigated further by both increasing and decreasing the initial glucose 

concentrations. Lowering the initial glucose concentrations below 10 mM resulted in 

complete sugar degradation (Figure 4). However, raising the glucose from 10 mM to 

20 mM led to incomplete degradation. Above 20 mM no further increase in product 

formation or lowering in pH was seen. It is a well-known phenomenon that high 

initial substrate concentrations may be inhibitory for thermophilic bacteria (van 

Ginkel and Sung 2001; Almarsdottir et al. 2010; Almarsdottir 2012). Inhibition by 

formation of end products is, however, more likely to be the main factor for this. The 

buffer capacity in the batch cultures used was 30 mM and the accumulation of acetate 

results in a pH drop and inhibition of substrate fermentation. Further experiments to 

investigate this further need to be performed by using e.g. combination of sugars 

(glucose and xylose) and increased phosphate buffer capacity in order to see if it is the 

low pH or high concentration of end products that causes the fermentation to stop.  

 

Figure 4. End product formation using different initial glucose concentrations. 
Also shown are percent of glucose degraded. Values represent means of two 
replicates and standard deviation are shown as error bars. Glucose (□), 
Ethanol (♦), Acetate (●), Hydrogen (▲). 
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The effect of partial pressure of hydrogen on end product formation 

All the experiments above were performed in serum bottles supplemented with BM 

medium to give liquid – gas (L-G) ratio between 0.69 and 1.0. Ethanol production 

occurs in all experiments although less than acetate and hydrogen. It has been 

reported that the change in partial pressure of hydrogen affects end product formation 

of anaerobic bacteria. Thus at high pH2 the product formation is shifted from acetate 

and H2 towards more reduced products like ethanol and lactate (Nath & Das 2004; 

Hawkes et al. 2002; van Niel et al. 2006; Almarsdottir et al. 2010). This was tested in 

present study by culturing the strain on low glucose concentrations (10 mM) in 117.5 

mL serum bottles with three different liquid to gas ratios (0.04, 1.04 and 3.27). 

Theoretical yields of hydrogen production is 4 moles of hydrogen per mole of hexose 

degraded if acetate is the only carbon containing volatile end product (Nandi & 

Sengupta 1998; Hawkes et al. 2002). By using the fermentation data from end product 

formation obtained the following equations are observed (background values from 

yeast extract were subtracted): 

 

1.0 Glucose  1.65 Acetate + 0.12 EtOH + 3.10 H2 + 1.77 CO2 (L-G = 0.04; Eq.1) 

1.0 Glucose  1.33 Acetate + 0.33 EtOH  + 2.10 H2 + 1.77 CO2 (L-G = 1.04; Eq.2) 

1.0 Glucose  1.10 Acetate + 0.57 EtOH  + 1.70 H2 1.62 CO2 (L-G = 3.27; Eq.2) 

 

In all three cases the glucose was completely degraded. The strain produces 

maximum 3.1 mol H2 mol glucose
-1

 at very low partial pressure of hydrogen. By 

increasing the L-G ratio hydrogen yields drop to 1.7 mol and ethanol prodution 

increases almost five times. Various values of hydrogen production yields with 

thermophilic bacteria are available in literature. The highest yields reported are 4 

moles of hydrogen (= theoretical maximum) from one mole of glucose by 

Thermoanaerobacter tengcongensis (Soboh et al. 2004) and by Thermotoga maritima 

(Schröder et al. 1994) under continuous hydrogen removal or at extremely low 

substrate concentration, respectively. High yields have also been observed for other 

extremophilic bacteria e.g. Thermotoga species but less by moderate thermophiles 

e.g. Thermoanaerobacterium and Clostridium species (Table 1).  
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Table 1. H2 production from sugars by pure cultures of thermophilic bacteria in 
batch cultures. Hydrogen yields as well as substrate concentrations and 
incubation temperature are also shown. N/A = not analysed. 
 

  
Biomass 

 
Substrat
e conc. 
(g L-1) 

 
Hydrogen 

Yield  
(mmol /              
g sugar) 

 
Tem

p 
(°C) 

 
Reference 

Thermotoga neopolitana Glucose 2.5 
 

3.9 77 Munro et al. (2009) 

Thermotoga neopolitana Glucose 7.0 3.2 77 Nguyen et al. (2010) 

Thermotoga neopolitana Glucose 5.0 N/A 70 Van Ooteghem et al. 
(2002) 

Thermotoga maritima Glucose 0.1 4.0 80 Schroder et al. (1994) 

Thermoanaerobacter tengcongensis Glucose 4.5 4.0 75 Soboh et al. (2004) 

Caldicellulosiruptor saccharolyticus Glucose 1.7 2.5 70 Kadar et al. (2004) 

Caldicellulosiruptor saccharolyticus Xylose 1.6 2.7 70 Kadar et al. (2004) 

Thermoanaerobacterium 
thermosaccharolyticum 

Glucose 10.0 2.4 60 Ren et al. (2008) 

Thermoanaerobacterium 
thermosaccharolyticum 

Xylose 10.0 2.2 60 Ren et al. (2008) 

Clostrdium AK14 Glucose 3.6 2.2 50 Almarsdottir et al. 
(2010) 

Thermoanaerobacter CMC15 Glucose 3.6 3.1 65 This study 

 

 

 

Fermentation of hydrolysates from lignocellulosic biomass 

Hydrogen production from lignocellulosic biomass has got increased attention 

recently. In general hydrogen yields from mesophilic and moderate thermophilic 

bacteria are lower as compared to the extremophilic bacteria (Table 2) for 

thermodynamic reasons. At high temperatures, the influence of the partial pressure of 

H2 is less on the key enzymes responsible for H2 production. For example, 

Clostridium AK14 ,  a moderate thermophile (Topt = 45-50°C)  that was investigated at 

our laboratory, shows a maximum of 2.6 mol H2 mol glucose
-1

 with a typical 

acetate/butyrate production profile (Almarsdottir et al. 2010). Yields on hemp stem 

and barley straw hydrolysates were however much lower or between 0.6 – 0.8 mmol 

H2 mol glucose
-1

 equivalent but up to 1.2 on cellulose (Table 2).  
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Table 2. H2 production from batch cultures of agricultural wastes and energy 
crops. Volumetric H2 production rates, H2 yields as well as substrate 
concentrations and incubation temperature are also shown.  

 

 
Culture 

 
Biomass 

 
Biomasse 

conc. 
(g L-1) 

 
Hydrogen 

Yield  
(mmol              

g sugar-1) 

 
Temp 
(°C) 

 
Reference 

Caldicellulosiruptor. 
saccharolyticus 

Paper sludge 8.4 
 

3.7 70 Kadar et al. (2004) 

Clostridium thermocellum Whatman 
paper 

0.1-4.5 0.8-1.9 60 Levin et al. (2006) 

Thermotoga neopolitana Cellulose 5.0 1.0-2.2 80 Nguyen et al. (2008) 

Clostridium thermocellum Barley straw 5.0 1.2 60 Magnusson et al (2008) 

Thermoanaerobacterium 
thermosaccharolyticum  

Corn stover 6.4-12.2 2.2 60 Cao et al. (2009) 

Thermoanaerobacterium 
thermosaccharolyticum 

Miscanthus 10.0 3.4 72 Vrije et al (2009) 

Thermotoga neopolitana Miscanthus 14.0 3.2 80 Vrije et al (2009) 

Caldicellulosiruptor. 
saccharolyticus 

Wheat straw 10.0 3.8 70 Ivanova et al. (2009) 

Thermoanaerobacterium 
thermosaccharolyticum 

Corn stover 10.0 2.7 60 Ren et al. (2010) 

Clostrdium AK14 Cellulose 5.0 1.1-1.2 50 Almarsdottir et al. 
(2010) 

Clostrdium AK14  Hemp stem 5.0 0.6-0.7 50 Almarsdottir et al. 
(2010) 

Clostrdium AK14 Barley straw 5.0 0.7-0.8 50 Almarsdottir et al. 
(2010) 

Thermoanaerobacter CMC15 Cellulose 4.5 2.3 65 This study 

 

Clostridium thermocellum shows similar hydrogen yields on Whatman paper and 

barley hull hydrolysates (Nguyen et al. 2008; Magnusson et al. 2008). Extremophilic 

bacteria, e.g. Thermotoga neapolitana show higher yields or up to 2.2 mol H2 from 

microcrystalline cellulose (Nguyen et al. 2008).  

High yields have also been observed on lignocellulosic biomass by 

Thermoanaerobacterium thermosaccharolyticus, Thermotoga neopolitana and 

Caldicellulosiruptor (Cao et al. 2009; Vrije et al. 2009; Ivanova et al. 2009; Ren et al. 

2010) (Table 2). Caldicellulosiruptor saccharolyticus has been used for H2 production 

from various biomass without chemical pretreatment in batch culture (Ivanova et al., 

2009). From wheat straw, this strain produced 2.04 mmol H2 g (dw)
-1

 (0.36 mol H2 

mol glucose
-1

), i.e. less than 10% of theoretical yields of sugars present in the 

biomass. Yields calculated on the basis of glucose consumed were however extremely 

high, or 3.8 mol H2 mol glucose
-1

. 
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Strain CMC15 was inoculated in BM medium containing 4.5 g L
-1

 of hydrolysates 

from different types of complex biomass (cellulose, hemp leafs, hemp stem fibers, 

newspaper, barley straw and grass) (Figure 5).  

 

Figure 5. End product formation from hydrolysates (4.5 g L-1) from different 
biomass. From left to right; ethanol, acetate and hydrogen. Data represents 
average of two replicate experiments. Standard deviations are shown as error 
bars.  

 

Glucose was analyzed in the hydrolysate after enzymatic hydrolysis and chemical 

pretreatment. The Whatman paper used in the experiment is 99% pure and total 

hydrolysis should result in the formation of 27.5 mM of glucose. Slightly lower 

values were however analysed, or between 23.6 to 25.4 mM. After fermentation more 

than half of the glucose remained in the culture broth of Whatman paper hydrolysates. 

Hydrogen yields were 5.8 to 6.0 mol-H2 g cellulose
-1

 but 14.4 mol H2 g
-1

 glucose 

equivalents degraded (2.33 mol H2 mol glucose). This experiment was done in serum 

bottles with L-G ratio of 0.69 and are in agreement with pH2 experimental data shown 

earlier. Similar results were observed between chemically pretreated cellulose and 

enzymatically pretreated cellulose. This similarity in end product formation was also 

observed for newspaper hydrolysate with and without chemical pretreatment. The 

four types of lignocellulosic biomass, however, showed lower yields with only 

enzymatic pretreated biomass as compared with either acid or alkali pretreated 

substrates. The lowest yields for untreated lignocellulosic biomass were observed 

0

5

10

15

20

25

30

35

40

45
Ye

as
t 

Ex
tr

ac
t

W
h

at
m

an

W
h

at
m

an
 -

 a
ci

d

W
h

at
m

an
 -

 a
lk

al
i

N
ew

sp
ap

er

N
ew

sp
ap

er
 -

 a
ci

d

N
ew

sp
ap

er
 -

 a
lk

al
i

G
ra

ss

G
ra

ss
 -

 a
ci

d

G
ra

ss
 -

 a
lk

al
i

H
em

p
 s

te
m

H
em

p
 s

te
m

 -
 a

ci
d

H
em

p
 s

te
m

 -
 a

lk
al

i

H
em

p
 le

af

H
em

p
 le

af
 -

 a
ci

d

H
em

p
 le

af
 -

 a
lk

al
i

St
ra

w

St
ra

w
 -

 a
ci

d

St
ra

w
 -

 a
lk

al
i

En
d

 p
ro

d
u

ct
s 

(m
m

o
l/

L)
 



University of Akureyri Department of Business and Science 
 

 92 

from hemp leaves, 2.52 mM-H2 g
-1

, and highest on grass hydrolysates, 4.83 mM-H2 g
-

1
. These yields were, however, substantially increased with chemical pretreatment, 

most profoundly on alkali pretreated straw where yields were almost two times higher 

as compared with enzymatically pretreated straw. Highest yields obtained were on 

acid pretreated grass or 7.6 mM-H2 g
-1

. Thermoanaerobacter species have not been 

studied to any extent concerning hydrogen production capacity on lignocellulosic 

biomass. The genus has got more attention because of ethanol production potential of 

many species, e.g. T. ethanolicus, T. thermohydrosulfuricus and other (Georgieva et 

al. 2008).  

For comparison, the same experimental set up was done for the extremophile 

Caldicellulosiruptor saccharolyticus (DSM 8903), a well known hydrogen producer. 

Fermentation of glucose (20 mM) by the strain showed the following stoichiometry:  

 

1.0 Glucose  1.40 Acetate + 0.05 EtOH + 2.4 H2 + 1.45 CO2  

 

Hydrogen yields from cellulose hydrolysates were 10.9 mol-H2 g TS
-1

 of cellulose or 

43% higher as compared to strain CMC15 (Figures 5 and 6).  

 

Figure 6. End product formation from hydrolysates by Caldicellulosiruptor 
saccharolyticum (4.5 g L-1) from different biomass. From left to right; ethanol, 
acetate and hydrogen. Data represents average of two replicate experiments. 
Standard deviations are shown as error bars.  
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Also, higher hydrogen yields were observed on other types of biomass. Glucose was 

unfortunately not analyzed in these experiments and higher yields on cellulose could 

be because the strain is less sensible for initial glucose concentrations as compared 

with CMC15. Lactate has also been reported to be produced by Caldicellulosiruptor 

(Zeidan and van Niel, 2010) but was not analysed in our study.  

 

Conclusion 

Hydrogen production was studied by Thermoanaerobacter CMC15 isolated from a hot 

spring in Iceland. The main aim of the study was to investigate the hydrogen 

production potential of the strain, both from simple sugars and various lignocellulosic 

biomasses. The strain produced maximally 3.1 mol H2 mol glucose under very low 

partial pressure of hydrogen (0.8 kPa). Highest hydrogen yields from lignocellulosic 

biomass were observed on grass hydrolysate pretreated with acid, 7.6 mol H2 g grass. 

In general chemical pretreatment of lignocellulosic biomass was very important for 

the hydrogen yields. Studies of the effect of various environmental factors revealed 

that the biggest drawback of the strain is its extreme sensitivity towards either initial 

substrate concentration or accumulation of acetate that lowers the pH and stops 

glucose fermentation. This needs to be investigated in more detail for the strain.  
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6 Conclusions 

 

The present study included the production of biohydrogen and bioethanol by two 

thermophilic bacteria strains (AK5 and CMC15), isolated from Grensdalur (SW-

Iceland). Both strains were examined regarding their ability to degrade various carbon 

substrates present in complex biomass and produce ethanol and hydrogen.  

Various physiological experiments were performed on the strains to determine 

their optimal growth conditions, substrate utilization spectrum effects of i.e.the effect 

of initial glucose concentration and partial pressure of hydrogen on end product 

formation. Additionally the effects of electron scavenging systems (thiosulfate and 

hydrogenotrophic methanogen) on the end product formation of strain AK5 was 

examined. The kinetics of glucose degradation and end product formation was 

registered. Partial 16S rRNA analysis revealed that both strains belong to the genera 

Thermoanaerobacter. Strain AK5 has 99.1% homology to Thermoanaerobacter 

thermohydrosulfuricus and strain CMC15 has 99.9% homology to 

Thermoanaerobacter yonseiensis. 

Thermoanaerobacter AK5 has a broad substrate spectrum degrading various 

hexoses, pentoses, disaccharides and polymeric substrates primarily to ethanol but 

also acetate, H2 and CO2. Ethanol yields on glucose and xylose were 1.55 and 1.35 

mol EtOH mol glucose
-1

 respectively and it produces up to 7.7 mM EtOH g
-1

 

cellulose and 4.4 mM g
-1

 grass hydrolysate. The strain is highly flexible for either 

ethanol or acetate production depending on the culture conditions used. When 

cultivated under electron scavenging systems it shifts almost completely away from 

ethanol production and acetate becomes its main end product. The main drawback of 

the strain is its inhibition of substrate (glucose) utilization at elevated substrate 

concentrations. This limitation could however be solved by cultivating the strain in 

fed batch or continuous mode. 

Thermoanaerobacter CMC15 has similar substrate spectrum as strain AK5 but the 

main end product formation is towards acetate and hydrogen instead of ethanol. Its 

maximal hydrogen yields, achieved at a very low partial pressure of hydrogen (0.8 

kPa), were 3.1 mol H2 mol glucose
-1

. Highest hydrogen yields from lignocellulosic 
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biomass was observed on grass hydrolysate pretreated with 0.50% (w/v) acid; 4.83 

mol H2 g
-1

 grass. The strain is however extremely sensitive to either initial substrate 

concentration or accumulation of acetate that lowers the pH and stops glucose 

fermentation.  

Both Thermoanaerobacter AK5 and Thermoanaerobacter CMC15 are promising 

ethanol and hydrogen producers, respectively, with high yields from lignocellulosic 

biomass. The ethanol yields of Thermoanaerobacter AK5 can be maximized by 

cultivating the strain under high pH2 hydrogen and Thermoanaerobacter CMC15 

hydrogen yields are desirable as long as the initial substrate concentration is kept low 

or the pH of the culture is kept above 5. This will be investigated in more detail for 

the strain. 


