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Fossil fuels are currently the primary source of the cheap energy that powers our
modern Industrial Civilization employing appliances (computers, electronic
products, cars, etc). Our convenience is originating from spending energy
extracted from the Earth, however one day all these energy probably will be
exhausted. In addition, while energy from Earth is consumed, Earth is also
polluted, and resources are wasted without thought of the consequences. As
today more than 90% of energy used comes from fossil fuels, nowadays these
questions are raised: “Since fossil fuels will not be permanent resources, when
will it be exhausted? What the alternative resources will supplant fossil fuels?
What to do without fossil fuels – their energy (and products)? With this polluted
air how long can we live with, how can we avoid this problem? Etc.”

!"!"!"
Fossil fuels are originally formed by chemical reactions and physical changes in
an organic matter: the solar energy, that vegetation captured by photosynthesis,
was slowly transformed by geological processes into coal, oil, and natural gas.
Fossil refers to plant or animal remains, which have been preserved in rock or
ice on Earth for a very long period (millions of years of time).
The deposit of fossil fuels is limited. Already in the 1920s, some geologists
warned that the fossil fuel deposits would soon be used up. They were ignored,
criticized, or denied. Until the 1970s people thought that fossil fuels could be
used until they are exhausted, but according to latest calculations fossil fuels in
general would no longer be able to meet demands in the near future (Dresselhaus
and Thomas, 2001; Bocris, 2002):
− World coal reserves are about 9.1·1011 tones (annual consumption is about
4.5·109 tones). The deposit is enough for the coming 200 years.
− World reserves of natural gas are about 1.4·1014 m3 (consumption of gas is
about 2.4·1012 m3 per year). The deposit is enough only for the coming 57
years.
− World reserves of oil are about 1.6·1014 l. While world consumption is about
1.2·1010 l a day, it means deposit is enough only for the coming 37 years.
6

Global studies show that oil, which supplies 40% of our energy, will be used up
before gas or coal. Oil is the most popular energy among the fossil fuels as it is
cheap, safe and can be used for several applications. The more oil will be
pumped out worldwide, the more get used. M. King Hubbert, an oil scientist,
and other petroleum geologists repeatedly have warned that the fossil fuel era
would soon be over, global oil production would "peak" and begin its inevitable
decline, thus have urged to prepare for that inevitable transition. In 1956
Hubbert predicted a topmost peak between 1965 and 1972, thereafter an
inexorably drop, year after year. In 1970, crude oil production peaked
(“Hubbert’s peak”) at 9 million barrels a day in the USA. Since then production
has gradually dropped. Each country has its own year of peak in oil production.
It could be 5 years from now or 30. Some experts, in fact, think the peak is
already here, others offer a grim picture with a peak in about 2016 while others
offer a brighter picture with a peak around 2040 (Appenzeller, 2004). No one
knows for sure. Either way, time is short.
The rate of oil field discovery worldwide peaked in 1964. In 1999, oil geologists
estimated that 90% of global oil deposits had been located. Since 2003 no more
new oil fields have been discovered. There are potential possibilities, which
could delay this depletion chronology. Four decades ago oil wells operated close
to the shore in relatively shallow water. Since then advances in exploration and
production have enabled wells to reach reserves on the deeper continental
shelf—and beyond. Unconventional sources - like huge deposits of tar-sands oil
in Alberta, Canada, and in the Orinoco belt of Venezuela - can also help. The oil
potential in tar-sand is said to equal more than the entire world'
s original supply
of regular crude, but the rate of production cannot equal to the present use of
conventionally-extracted crude. Facing the coming shortage, companies are
investing in extracting oil from tar sands, but extraction is punishing the
environment (getting oil from tar sands consumes two-thirds of the energy those
sands ultimately yield, thus releases six times as much carbon dioxide into the
air as the refining of conventional oil) and costly. Oil prices will increase, and
stay high, says some experts, disrupting world economies (Appenzeller, 2004).
Among all the problems generated by fossil fuel use, the most challenging will
be surviving the withdrawal from that use, after worldwide oil production peaks
and begins to decline. The oil crisis will begin when demand for oil consistently
begins to exceed supply, not when the last drop of oil will be pumped.
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Before the Industrial Revolution, human activity released very few gases into the
atmosphere. These atmospheric gases are referred as greenhouse gases.
5

Naturally occurring greenhouse gases include water vapour, carbon dioxide,
methane, nitrous oxide, and ozone. They absorb and reradiate the outgoing
radiation, effectively storing some of the heat in the atmosphere, thus producing
a net warming of the surface. The process is called greenhouse effect. Without
this natural phenomenon, the temperature would be so low, that life would not
be possible on the Earth. As long as the amount of greenhouse gases in the air
stays the same, equilibrium is established. Some greenhouse gases occur
naturally in the atmosphere, while others result from human activities. Certain
human activities (through population growth, fossil fuel burning, and
deforestation) add to the levels of most of the naturally occurring gases thus
changing the composition of Earth’s atmosphere. They are collecting, trapping
the sun'
s heat in the atmosphere like a thickening blanket, and causing the planet
to warm up.
Rising amount of greenhouse gases in the atmosphere are contributing to global
warming. Warming in the 20th century is greater than at any time during the past
400-600 years. Since the beginning of the 20th century, the mean surface
temperature of the Earth has increased by about 0.6°C. Over the last 40 years,
which is the period with most reliable data, the temperature increased by about
0.2-0.3°C. Seven of the ten warmest years in the 20th century occurred in the
1990s.
The direct manifestations of warming are clearly noticeable all over the World:
mountain glaciers are receding, the Arctic ice has lost about 40% of its thickness
over the past four decades, the global sea level is rising, more heat waves,
droughts and extreme weather events (downpours, heavy snowfalls, flooding,
and fires) are more common nowadays than ever before. Events that foreshadow
the types of impacts likely to become more frequent and widespread with
continued warming are also noticeable: coral reefs are bleaching, spring is
arriving earlier, plants and animals are changing their range and behaviour in
response to shifts in climate, the potential for heat-related illnesses and deaths as
well as the wider spread of infectious diseases carried by insects and rodents into
areas previously free from them are greater. While on average the globe will get
warmer and receive more precipitation, individual regions will experience
different climatic changes and environmental impacts. As the Earth continues to
warm, there is a growing risk that the climate will change in ways that will
seriously disrupt our lives.
The major source of global warming is carbon dioxide pollution from industry
and automobiles. Between 1950 and 1994, the amount of motor vehicles
extended from 70 million to 630 million. If the current rate continues, 1 billion
will have been expected by 2025. Every liter of burned gasoline produces about
1

2.5 kilograms of CO2, and an average car emits yearly 5 448 kilograms of carbon
dioxide. Carbon dioxide concentrations in the atmosphere increased from
approximately 280ppm in pre-industrial times to 367ppm in 1999, which means
a 31% increase (EPA, 2002).
The following table summarizes the CO2 emission of the ten largest emitter
countries (and Hungary) accounting for 4 019 316 thousand metric tons
CO2/year which represents 64.1% of the total world emission (Carbon Dioxide
Information Analysis Center, 2004).
Table 1.1.
Rank
1
2
3
4
5
6
7
8
9
10
|
52

Rank of countries by 2000 total CO2 emissions from fossil-fuel
burning.
Nation
United States of America
China
Russian Federation
Japan
India
Germany
United Kingdom
Canada
Italy
Republic of Korea
|
Hungary

Thousand metric tons of CO2
1 528 796
761 586
391 664
323 281
292 265
214 386
154 979
118 957
116 859
116 543
|
14 782
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Already in 1898, a Swedish scientist, Svante Arrhenius, warned that increasing
carbon dioxide emissions could lead to global warming. In the late 1980s and
early 1990s, intergovernmental conferences focusing on climate change were
held. The first Convention on Climate Change was adopted in New York on 9
May 1992 and opened for signature several weeks later in Rio de Janeiro, Brazil,
in June 1992. In 1997, 84 countries signed an agreement - Kyoto Protocol - to
slow down global warming by reducing the emission of six primary greenhouse
gases (carbon dioxide, methane, nitrous oxide, hydrofluorocarbons,
perflurocarbons, and sulphur hexafluoride). The Protocol provides for emission
reductions 5.2% below 1990 levels at an average. Individual targets were
established for each participating country, which must be achieved by the period
7

of 2008-2012. However all parties signed the Kyoto Protocol in 1997 the rules
and regulations of the Protocol has not actually come into force until a threshold
of members (at least 55 members of the United Nations Framework Convention
on Climate Control, representing 55% of the total 1990 carbon dioxide
emissions) has ratified it domestically. By January 2004, several countries have
ratified the Protocol, including almost all of Europe, Japan, Canada and New
Zealand. Collectively, these ratifying countries have represented only
approximately 44% of the total carbon dioxide emissions of 1990, 11% short of
the required 55%. Following the election in 2000, George W. Bush announced
that the United States had no intention to ratify the Kyoto Protocol, however the
United States is the largest emitter of carbon dioxide in the world, representing
approximately 36% of the emission. The decision of the United States has placed
the entire climate control process into doubt. Finally, the Kyoto Protocol has
been saved by Russia (which represents 17% of the emissions). Russia ratified
the Kyoto Protocol on 18. November 2004, thus the Kyoto Protocol came into
force in 16 February 2005. By 25. November 2004 128 countries have signed up
and ratified the treaty, including all the major industrialised countries except for
the United States and Australia.
Under the Kyoto Protocol, the European Union agreed to reduce its overall
greenhouse gas emissions by 8% during the period of 2008-2012. Unfortunately,
the CO2 emission grew with 4% in 2003, and with that the released CO2 in the
atmosphere was higher than in 1990. After all, the European Union has aimed to
achieve pledges of the Kyoto Protocol. Accordingly, in January 2005 the
European Union commenced the operation of the largest multi-country, multisector Greenhouse Gas emission-trading scheme. The Emission Trading Scheme
(ETS) is a cornerstone in the fight against climate change. It is the first
international trading system for CO2 emissions in the world, based on Directive
2003/87/EC. The aim is to help EU Member States achieve compliance with
their commitments under the Kyoto Protocol (Point Carbon, 2004).

!"!"&"

'

$

In order to lower CO2 emission it is also crucial to increase the proportion of
renewable energy. Accordingly, the EU has a long-term goal to achieve a share
of 12% for renewables by 2010 - in comparison to that of 5.6% relevant to year
1997. In contrast to nonrenewables, renewable energy resources - such as wind,
solar, biomass, and geothermal energy - are constantly replenished and will
never run out. Renewable energy is important also due to other benefits it
provides.
− Renewable energy technologies are clean sources of energy that have a
much lower environmental impact than conventional energy technologies.
8

−

Renewable energy resources are developed locally. The money spent on
energy stays in the country, creating more jobs and fostering economic
growth.
− With renewable energy the dependency on foreign energy imports could be
decreased.
Renewables are also promising options for the transportation sector in many
countries, due to their potential to alleviate the crisis in the supply of oil derived
liquid fuels, while improving the urban air quality through lower emission.
Alternative fuels – or biofuels - include ethanol, natural gas, propane, hydrogen,
biodiesel, electricity and methanol. The idea of using biofuel is not a novel one.
Henry Ford'
s Model-T car was designed to run on ethanol made form corn in
1908, and ethanol (called '
gasohol'
) was used as a fuel in cars in the US into the
1930s. However, in the 1940s, low petroleum prices made gasohol unprofitable
and its production was stopped. When Rudolf Diesel created his prototype diesel
engine, he ran it on peanut oil and thought that all diesel engines would run on a
variety of vegetable oils.
At the end of 20th century three new “crisis” has brought back the interest about
biofuels into consideration. In October of 1973 Middles-eastern OPEC nations
stopped exports to the US and other western nations. The embargo resulted in
higher oil prices all over the western world. As the price of oil dropped,
alternative fuels were no longer pursued on various national agendas.
(Benemann, 1996) This process has turned over due to the concerns of 1990s,
about the greenhouse effect.
The 2003 biofuels directive (2003/30/EC) aims to increase the use of biofuels
for transport, and in particular for road transport. The EU is aiming to replace
5.75% of all transport fossil fuels (petrol and diesel) with biofuels by 2010
(EPA, 2002). To give an indication of the size of the task, have a look at Figure
1.1. In 2002 biofuels accounted for only about 0.45% of EU road transport
energy consumption, however, though absolute levels are low, the production of
biofuels is growing rapidly. The share was only 0.26% in 1999, but estimates
based on production capacity indicate that it could reach 1% by 2005. If such
growth rates are maintained, then the indicative target for 2010 could be
achievable for the EU as a whole.
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Figure 1.1.

Share of biofuels in total transport consumption 1994-2002.

The EU is the largest producer of biodiesel in the world (Williams, 2002;
Boeshertz, 2002). Germany, France and Italy are the main European producers
of biodiesel. Brazil produces the greatest amount of bioethanol. Some six million
cars in Brazil use a 22 percent fuel blend; another five million cars run on pure
anhydrous ethanol. Together, this amounts to 45 percent of Brazil'
s total fuel
consumption (or 9.6 million tones of ethanol). The US produces about 7 million
tones of ethanol, or about one percent of its total motor fuel consumption per
year. In Europe only 198 000 tons of oil equivalent bioethanol were produced.
Production of biofuels in Europe is summarized in Table 1.2.

:

Table 1.2.

Production of transport biofuels in 2002 (oil equivalent, ktons).

Germany
France
Italy
Spain
Sweden
Austria
Denmark
United Kingdom
Total

!"!"("

Biodiesel
401
326
187
1
22
9
3
949

Bioethanol
57
110
31
198

Total
401
383
187
110
32
22
9
3
1147

)

20th century humans use 10 times more energy than it was used in the 1000 years
preceding 1900, and global energy consumption is projected to rise by close to
60% over the next 20 years. Starting with the Industrial Revolution a basic
change has been taking place: energy was being decarbonized from wood to coal
to oil and gas (Ovshinsky, 2000). Until the middle of the 19th century
dependence on wood for energy was common but later, where population
density and energy use were growing rapidly, wood began to lose out to coal. It
remained the “king of the energy” for the 19th century. Transportation system
started to change from railroads to automobiles thus by the middle of the 20th
century oil had become the world’s leading energy source. Oil was easily
extracted and easily shipped. It was energy-dense and could be refined into a
variety of fuels (kerosene, gasoline, diesel) with a variety of uses (heating,
transport, lighting). Moreover it could be used to make thousands of marketable
chemicals and other products such as fabrics, rugs, paint, linoleum, roads and
plastics. Nowadays oil faces with natural gas as a new energy source. The world
has been shifting from solids to liquids, and from liquids to gases (Figure 1.2.),
meanwhile energy was being decarbonized. The ratio of hydrogen (H) to carbon
(C) in the molecule of the source has increased six fold between 1860 and 1990
(Dunn, 2002). Decarbonization of fossil fuels is also a way to increase energy
consumption without increasing CO2 concentration further in the atmosphere
(Chum and Overend, 2001).
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Figure 1.2.

Global energy system transition (solids (-); liquids (-); gases (- -)).

As fossil fuels will remain the dominant energy source for the near future,
problems (pollution, climate change, dependence on oil, global conflicts) will
always appear.
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The only solution for reducing CO2 emission joined with increased energy
demand is the utilisation of renewable fuels instead of fossil ones. A variety of
alternative fuels can be made from biomass resources including the liquid fuels
ethanol, methanol, biodiesel, Fischer-Tropsch diesel, and gaseous fuels such as
hydrogen and methane. This Chapter summarizes the methods used for hydrogen
(Section 1.2.1.) and ethanol (Section 1.2.2.) production, focusing on biological
production methods. In these processes, enzymes and microorganisms are
frequently used as “biocatalysts” to convert biomass into desirable products.
Cellulase and hemicellulase enzymes break down the carbohydrate fractions of
biomass to five and six carbon sugars following by a fermentation of sugars by
yeast and bacteria into biofuel. An overall biological biofuel process is shown in
Figure 1.3.
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Hydrogen is known to be the most plentiful, simplest and lightest element in the
universe. Its only by-product is water, utilizing it either via combustion or via
fuel cells. In the future hydrogen could be the key to solve the energy problem: it
is powerful, clean (this is the only zero-carbon fuel) and abundant, thus easily
can reduce today’s dependency on fossil fuels. That’s why hydrogen is
mentioned repeatedly as a clean energy for the 21st century, and as a key energy
carrier in a future sustainable energy economy (Busquin, 2002; Scott, 2003).

;2/2;2;

<

Hydrogen fuel cells considered a way to make „zero emission vehicles” (ZEV).
The first fuel cell was invented by Sir William Grove in 1839 (Kamp, 2003). In
a fuel cell, hydrogen and oxygen can be combined to produce electrical energy.
As shown in Figure 1.4. H2 and O2 enter the anode and cathode respectively. At
the anode, hydrogen gas breaks down into two protons and two electrons. The
protons migrate to the cathode via an electrolyte, where recombine with the two
electrons and oxygen to form water. The electrons migrate via an external
electric circuit that is attached to any device to produce power. Different fuel
cell systems have been already developed (Dunn, 2002; Levin et al., 2004).
Since the 1930’s internal combustion engines have been also modified in
Germany to use hydrogen. Fuel cells have been operated in space missions for
more than 40 years, but they have not been used on the Earth due to high costs.
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Nowadays hydrogen is widely used in chemical technology as a feedstock of
ammonia production, and the production of methanol. In smaller quantities it is
also used for food hydrogenation, for making steel and glass and the electronics
industry.
In short term it could be used in urban vehicles (cars, buses) as a fuel, reducing
emissions in city centers. In major cities, with poor air quality all over the World
(Brazil, Egypt, Mexico, India and China), 50 fuel cell buses will be deployed
(Bockris, 2002; Dunn, 2002). Nowadays fifteen automotive concerns are
developing and building hydrogen fuel cell driven vehicles, spending between
$500 million and $1 billion annually on these projects. BMW has already
demonstrated a “bifuel” vehicle, where the same engine uses either hydrogen or
gasoline with a flip switch from inside the vehicles. If one of the tanks is empty,
the vehicle automatically switches to the other. Hypercar, developed by the
Rocky Mountain Institute, travelled already 42 kilometres on one liter of
hydrogen.
In long term it could be used in other transportation sectors like ships, trains and
airplanes, too. Liquid hydrogen in jet aircraft would have the advantage to allow
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three times longer range than aircraft run on the same weight of jet fuel. One
drawback is hydrogen’s relatively low energy content for its volume, leading to
larger fuel tank.
According to an estimation made by Woodward et al. (1996), annually available
newspaper in the United States comprises 7.26 million tons of cellulose, which
could yield 1.06 trillion dm3 of hydrogen. This volume of hydrogen could serve
around 37 cities whose gas demand is equivalent to a city with a population of
approximately 27 000.
Before hydrogen becomes a future energy carrier, a lot of work needs to be done
to make it economical:
− To reduce the cost of hydrogen production: This is the most substantive
issue. More production facilities will have to be constructed, as far as
possible in a renewable technology, where hydrogen production can compete
with production of conventional fuels. Currently hydrogen is 50-100% more
expensive than fossil fuels (Chornet et al., 2002; Cherry, 2004).
− To solve hydrogen transportation problem: A system of pipes or
transportation methods will have to be developed before hydrogen can be
used as an energy carrier. Tanker trucks or transport ships are also a
possibility for hydrogen transportation (Morgan and Sissine, 1995).
− To solve hydrogen storage problem: Hydrogen could be stored as a
compressed gas either above or below ground. On board vehicles it is the
simplest and presently cheapest method. The storage density of hydrogen is
very low, one - tenth of gasoline. A tank should have to be 3000 times larger
in order to store enough hydrogen gas at atmospheric pressure to drive a car
the same distance as one, which runs with gasoline. Higher storage pressure
would raise the cost and safety issues. Hydrogen can be liquefied for storage.
Through several steps hydrogen is compressed, cooled and stored at very
low temperature, below -250°C. That storage cost is four to five times as
high as for compressed gas, even though transportation cost is much lower.
The cost of liquefaction is very high. The use of metal hybrids is a novel
solution, which is chemically bond the hydrogen. Currently these are too
heavy and have low densities however are expected to become competitive
with other technologies. Carbon based systems are in the early stage of
development, they could store hydrogen at room temperature in significant
amount. Chemical hybrids (methanol or ammonia) have the advantage of an
existing transport infrastructure. (Morgan and Sissine, 1995; Dunn, 2002;
The European Commission Website on Energy Research, 2002)
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Hydrogen production methods are the subject of several studies (Morgan and
Sissine, 1995; Dresselhaus and Thomas, 2001; Dunn, 2002). This Section aims
to summarize them.

−

Electrolysis of water: This process involves an electrical current passing
through water, to separate into its basic elements, hydrogen and oxygen.
Even though electrolysis produces high purity hydrogen, a significant
amount of electricity is required for this process, which doesn’t make it
economically feasible (Bossel et al., 2003). Ideally, this energy would come
from any renewable sources, that can be used to generate electricity like
photovoltaics (PV), wind, biomass, hydro and geothermal electricity.
− Steam reforming: At present this is the most common, least expensive and
commercially available way to produce hydrogen. High temperature steam
separates hydrogen from the carbon atoms in hydrocarbons (methane), in an
endothermic process carried out at about 850°C and around 2.5MPa.
Nowadays roughly 48% of worldwide hydrogen produces by this process
(Dunn, 2002).
− Coal gasification: In this process coal reacts with steam and a carefully
controlled amount of air or oxygen under high temperature and pressure. The
heat and the pressure break apart the chemical bonds in coal’s complex
molecular structure, setting into motion chemical reactions with the steam
and oxygen to form a gaseous mixture, typically hydrogen and carbon
monoxide. (US Department of Energy, 2004).
Today 99% of the produced hydrogen comes from fossil fuels (Dunn, 2002).
This approach reduces air pollution, but it does not solve either greenhouse gas
problem (still carbon goes into the atmosphere) or the dependence problem on
fossil fuel. It may be a good temporary step for hydrogen production, but in the
future hydrogen must be derived from renewable sources to stop releasing
carbon into the atmosphere.
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−

Gasification or pyrolysis of biomass: Biomass can be used to produce
hydrogen via pyrolysis (thermal decomposition) and gasification. Both
procedures are relatively sensitive to price and type of the feedstock (Dunn,
2002). Gasification is used to convert the feedstock into synthesis gas (which
primarily consists of carbon monoxide (CO), carbon dioxide (CO2), and
;1

hydrogen (H2)) and can be performed at high (>1250°C), medium (750950°C) or low (500-750°C) temperatures (Hemmes et al., 2003). The
feedstock may be pre-treated by pyrolysis. This kind of system can convert
woody biomass into hydrogen with high energy conversion efficiency of
47.9% (Iwasaki, 2002).
- !'("& #!' *)$ '& =- = '),"% ) + )'&."! '& = " '& = '%
Hydrogen production is possible by anaerobes, facultative anaerobes, aerobes,
methylotrophs, photosynthetic bacteria and co-and mixed cultures by different
processes (Ueno et al., 1996; Nandi and Sengupta, 1998; Benemann, 2001; Das
and Veziro lu, 2001, Yokoi et al., 2001; Hallenbeck and Benemann, 2002;
Levin et al., 2004). Hydrogen production by different microorganisms is linked
with their respective energy metabolisms. In aerobic microorganisms the
released electrons from substrate oxidation are transferred into oxygen as the
ultimate oxidant. In anaerobic microorganisms electrons released from anaerobic
catabolism use many terminal oxidants, such as nitrate, sulphate or organic
compounds derived from carbohydrates as the source of carbon. Investigators
have attempted to produce biohydrogen for many years, generally using one of
two different types of metabolic processes: (1) photosynthetic unicellular
organisms that utilize either nitrogenase or hydrogenase reactions to produce
hydrogen, (2) fermentative bacteria that produce hydrogen anaerobically. The
microbiological hydrogen production processes all have been demonstrated on
small scale, but scale-up has not been solved yet.
−
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Biophotolysis of water
Microalgae (microscopic plants) and cyanobacteria (blue-green algae) are
capable of oxygenic photosynthesis. Photosynthesis consists of two
processes: light energy conversion to biochemical energy by photochemical
reaction, and CO2 reduction to organic compounds. A few groups of
microalgae and cyanobacteria under certain conditions, instead of reducing
CO2, consume the biochemical energy for hydrogen production either
through nitrogenase or hydrogenase.
−
Nitrogenase-dependent hydrogen production: Nitrogen fixing
cyanobacteria (Anabaena cylindrica) are able to fix atmospheric
nitrogen through ATP dependent nitrogenase activity. Nitrogenase
enzyme can evolve hydrogen in the absence of nitrogen by reducing
protons to hydrogen.

2H+ + 2e-

−

Equation 1.1.

This enzyme requires a lot of energy input (ATP) and has very slow
and low (half of might be obtained with hydrogenase) hydrogen
production, thus making this enzyme a poor choice for practical
application (Benemann, 2001; Hallenbeck and Benemann, 2002).
Direct biophotolysis: Some green algae under anaerobic conditions are
able for that photobiological process (Benemann, 1996, 2001). In the
first step water is split to produce oxygen, and then the reducing power
of electrons is passed to protons to make hydrogen through
hydrogenase. The overall reaction is:
2H2O + light

−

H2

2H2 + O2

Equation 1.2.

The oxygen is a strong inhibitor of hydrogenase and this sensitivity to
oxygen presents a great challenge in developing a commercial process
(Levin et al., 2004).
Indirect biophotolysis: Cyanobacteria can also synthesize and evolve
hydrogen through photosynthesis via the following processes:
12H2O + 6CO2 + light
C6H12O6 + 12H2O + light

C6H12O6 + 6O2
12H2 + 6CO2

Equation 1.3.
Equation 1.4.

While in the direct biophotolysis the reductant generated by
photosynthesis is directly transferred to hydrogenase via reduced
ferredoxin, in the indirect biophotolysis the two processes are kept
apart in separate stages (both temporally and spatially) and are joined
through CO2 fixation, thus overcoming the problem of oxygen
inhibition.
−

Fermentative hydrogen production
Biological hydrogen production is also possible by the conversion of organic
substrates to hydrogen with anaerobic fermenting bacteria both in
photofermentation and both in dark fermentation.
−
Photofermentation: In the present of light (using light energy to
overcome the positive free energy reaction) photosynthetic bacteria can
convert organic substrates, present in many wastes, into hydrogen and
carbon dioxide. Relatively small light-energy input is required for this
kind of hydrogen production, but the efficiency of the
photofermentation remains low (Hallenbeck et al., 2002).
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Photosynthetic efficiencies are lower under high light (sunlight)
conditions since the photosystem of the photosynthetic bacteria is, like
that of microalgae and cyanobacteria, optimized for low light
conditions (Hallenbeck and Benemann, 2002). The advantage of
photosynthetic bacteria over microalgae is that they do not produce
oxygen, thus overcoming the problem of hydrogenase inhibition by
oxygen (Benemann, 2001).
C6H12O6 + 12H2O + light

12H2 + 6CO2

Equation 1.5.

Certain photosynthetic bacteria can also grow in the dark and can
convert carbon monoxide into hydrogen at room temperature in a
single step via water gas Shift reaction (Benemann, 1996; Levin,
2004):
CO + H2O

−

H2 + CO2

Equation 1.6.

The main advantage of this production method is that thermodynamics
of the reaction is favourable to CO oxidation and H2 synthesis. The
major difficulty is the mass transfer, which requires inordinate energy
inputs (Benemann, 2001).
Dark fermentation: Dark fermentation seeks to convert organic wastes
- waste sludges, animal manures and food processing wastes - into
methane and hydrogen (Claassen et al., 1999). Fermentation reactions
can be operated at mesophilic (25-40°C), thermophilic (40-65°C),
extreme thermophilic (65-80°C) (Paper I, Paper II) or
hyperthermophilic (>80°C) temperatures. The increase temperature is
favourable for higher hydrogen yields by extreme and
hyperthermophiles. While biophotolysis systems produce pure
hydrogen, dark fermentation process produces hydrogen and mixed
organic acids which determinate hydrogen yield.
C6H12O6 + 2H2O

4H2 + 2CH3COOH + 2CO2

Equation 1.7.

Hydrogen production is dependent on process conditions (partial
pressure of hydrogen), affecting the metabolic balance. The main
advantage of this process is that different carbon sources (starch,
cellobiose, sucrose, xylose) and different types of raw materials can be
used as substrate without additional light input. Moreover it produces
valuable metabolites (lactic acid, acetic acid) as by products. The
challenges of dark hydrogen fermentation are to overcome both yield
;9

limitation and avoid contamination by hydrogen consumers, like
methanogenic bacteria (Benemann, 2001).
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Ethanol (ethyl alcohol) is a clear, colourless liquid with a characteristic,
agreeable odour. It is not regarded as environmentally hazardous. The word
alcohol derives from Arabic al-kuhul, which denotes a fine powder of antimony
used as an eye makeup. Alcohol originally referred to any fine powder, but
medieval alchemists later applied the term to the refined products of distillation,
and this led to its current usage.

;2/2/2;

<

The history of ethanol as a fuel began with the introduction of the combustion
engine. However, cheap petrol quickly replaced ethanol as the fuel of choice.
The great shock in oil price in the 1970s (Section 1.1.4.) reviewed the interest in
ethanol and in other biofuels. Brazil was the first country, which developed a
large scale program based on renewable source of energy in the Brazilian
National Alcohol Program (ProAlcool) in 1975 (Berg, 1999).
Ethanol can be also used as a fuel in petrol- and in diesel engined cars, vans,
buses and trucks either pure, mixed or as fuel additive ethyl-tertiary-butyl-ether.
Compared to petrol and diesel, the use of ethanol, offers considerably lower
emission of green house gases and lower pollution levels.
Using pure ethanol provides a great improvement on emission, but this requires
modification of the vehicle’s fuel and ignition system. All in all, a mixture of
ethanol and petrol gives improved emission values compared with petrol alone.
A small amount of NOX, hydrocarbons and CO is also emitted by ethanol
through emission however it is less than fossil alternatives. Only an increased
content of acetaldehyde have been noticed during cold starts. According to the
drivers, environmental cars are considered better, especially regarding emission,
than conventional vehicles. Only two drawbacks were found: the acceleration
and the few numbers of filling stations.
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Nowadays only 7% of the overall ethanol is produced from synthetic feedstocks.
Roughly 60% of world ethanol production is from sugar crops (sugar cane and
beet). The remainder comes from grain (Berg, 1999). Ethanol is used in
cosmetics, explosives, detergents, industrial paints, inks etc. In 1998 the total
ethanol production of the world was 31.2 billion liters and fuel ethanol accounts
;:

around 2/3 of the total. The world production by continent is presented on Figure
1.5. according to Berg (1999). By the year 2003 the world output of ethanol was
already around 38.6 billion liters, the production rose by 14% in 2003 after 9%
in the previous year and 7% in 2001 (Berg, 2003).
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Ethanol world production.

The dominant producer of the American continent, and in the world is Brazil,
where output was risen from 0.5 million tones in 1976 to 12.3 million tones in
1998 (de Albuquerque Maranhão, 2000). In Brazil two types of ethanol exist.
Anhydrous alcohol is used as an additive to petrol, with a blend of 24%. This
mixture can be used in any type of car without modifications to the carburettor
or engine. On the other hand hydrous alcohol is used alone in its pure state, in
specially designed engines. While output of anhydrous alcohol has been rising
sharply in recent years, production of hydrous alcohol has faced some decline
(Berg, 1999). USA is the second largest producer of ethanol after Brazil, the
main growth in production can be detected in the last decade. The Clean Air Act,
which aimed to use cleaner burning fuels in the dirtiest cities, helped to raise
ethanol output by more than 47% between 1990 and 1995. The demand for
ethanol will further increase, since California decided to ban MTBE from fuel,
thus open the way to ethanol (Kadam et al., 2000; Berg, 2003).
As mentioned in Chapter 1 the EU has a long-term goal to achieve a share of
12% for renewables by 2010 - in comparison to that of 5.6% relevant to year
1997. There are three main fuel ethanol producers in the EU, namely Sweden
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(where the first ethanol plant for fuel purposes started in 2001, based on wheat
or alternatively barley), Spain (where the first fuel ethanol plant started in
Cartagena at the end of 1999, based on barley as raw material) and France
(where the first plant was built in 1995 in Artenay and the second one in 1998,
both based on sugar beet juice), but nowadays the Netherlands is also active in
developing bioethanol as a fuel for vehicles (Sarkkinen, 2000; Berg, 2003). In
Europe two main application of ethanol is known: direct blending of ethanol
with gasoline or further processing it to ETBE and blending it with gasoline.
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Ethanol can be produced synthetically from petrochemical raw materials (crude
oil or gas, coal), or biologically by fermentation of sugar. In 1995, about only
7% of the ethanol in the world was produced by the synthetic method and about
93% by the fermentation method.
Biological ethanol production from cellulosic biomass consists of four main
steps: cellulase production, cellulose hydrolysis, hexose fermentation and
pentose fermentation (Lynd, 1996; Lynd et al., 1999). Four process
configurations for converting lignocellulosic biomass to ethanol exist (Figure
1.6.):
− Separate hydrolysis and fermentation (SHF): converts cellulose into glucose
with exogenously added cellulase, then ferments the sugar to ethanol.
− Simultaneous saccharification and fermentation (SSF): combines the
hydrolysis and hexose fermentation steps into one unit, but requires
exogenous enzymes to be added.
− Simultaneous saccharification and cofermentation (SSCF): combines
hydrolysis, hexose and pentose fermentation in one vessel.
− Direct microbial conversion (DMC): is a method of converting cellulosic
biomass to ethanol in which both ethanol and all required enzymes are
produced by a single microorganism.
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Process configurations.

DMC is the endpoint in the evolution of biomass conversion technology (Lynd.
1996). However, DMC is not considered the leading alternative process today
because there are no organisms available that both produce cellulase and other
enzymes at the required high levels, and also produces ethanol at the required
high concentrations and yields. Nowadays simultaneous saccharification and
fermentation (SSF) is thought to be the best process for enzymatic conversion of
cellulose to ethanol.

The SSF approach offers several advantages over SHF procedure. A comparison
between the two systems has been carried out by Wright et al. (1987) and
Grohmann (1993). First of all, SSF has an economic advantage over SHF, since
only one reactor vessel is needed compared to the two in the separate process.
Secondly, the same yield of ethanol can be obtained in three days with SSF
while with SHF it takes five days (Eklund and Zacchi 1995). Thirdly, the low
concentration of sugar and relatively high concentration of ethanol during SSF
prevent microbial contamination. But most importantly SSF improves the
enzyme kinetics due to reduction of the product inhibition: the fermenting
microorganisms, present in the reactor, take up formed sugar immediately thus
overcoming the most serious shortcomings of current cellulolytic enzymes.
Cellulolytic enzymes are sensitive and inhibited by glucose and cellobiose at
lower, than 1% concentration (Grohmann, 1993). Cellulase and -glucosidase
//

are affected to a different extent by the presence of cellobiose, glucose and
ethanol: cellobiose, which is the substrate for -glucosidase, is a strong inhibitor
of cellulase; glucose is a weak inhibitor of cellulase, but a very strong of glucosidase and ethanol has a moderate or insignificant effect on both thus
hampering the efficiency of SSF. These inhibitors inactivate cellulase enzymes
irreversibly. The properties depend on the type of enzyme preparation (Ghosh et
al., 1982; Takagi, 1984; Philippidis et al., 1995; Wu and Lee, 1997).
In spite of the economical advantage of SSF over separate hydrolysis and
fermentation (SHF), the critical problem with SSF is the difference in
temperature optima of the cellulases and the fermenting microorganism.
Saccharomyces strains are well known as good ethanol producing
microorganisms, however they require an operating temperature of 35°C. Fungal
cellulases, which are most frequently applied to the cellulose hydrolysis, have an
optimum temperature of 50°C. At lower temperatures, the substantially lower
hydrolysis rates would be unfavourable in terms of increased processing time. A
possible solution to solve this problem is using thermotolerant yeast strains
instead of Saccharomyces strains, which would allow higher processing
temperatures, thus increased rates of the hydrolysis.
The isolation and selection of yeast strains for SSF process has been the subject
of a number of investigations (Hacking et al., 1984; Szczodrak and Targo ski,
1988; Ballesteros et al., 1991, 1992; Banat et al., 1992, 1995, 1998; Bollók et
al., 2000) as discussed in Paper III. Next to yeasts filamentous fungi (Aspergillus
and Rhizopus) were also studied for ethanol production (Skory et al., 1997).
These fungi have shown to ferment most of the sugars and furthermore possess
xylanase and cellulase, which could allow using them in simultaneous
saccharification and fermentation process performed by single microorganism
(DMC). The low concentration and slow rate of ethanol production compared to
S. cerevisiae is not in favour for industrial production.
Process improvements in the future could be carried out to make this process
more favourable. The issues and parameters usually investigated are: type of
substrate, cellulase enzyme production (Mielenz, 2001) (as a significant cost in
enzymatic hydrolysis processes), selection of yeast strains (summarized in Paper
III), metabolic engineering (briefly studied by Zaldivar et al., 2001), media
components, effect of pH, temperature, inoculum size, etc.
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Lignocellulosic biomass offers an abundant and inexpensive source of renewable
resources. Nowadays most of the fuel ethanol plants use sugar containing crops
and grains (wheat and barley) as starch based raw material since today they are
the only realistic alternative to produce ethanol. In contrast with starch, which
contains homogenous and easily hydrolyzed polymers, lignocellulose plant
matter is more complex. Section 1.3.1. deals with the structure of lignocellulosic
materials. This natural polymer can be found as agricultural waste (wheat and
rice straw, corn stalks), industrial waste (pulp and paper industry), forestry
residues, municipal solid wastes and energy crops (Section 1.3.2.). Section 1.3.3.
summarizes the results of an assessment carried out to determinate the amount of
possible lignocellulosic materials in Hungary as feedstocks for biofuels, with
emphasis on paper sludge and agricultural by-products.
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Lignocellulose is composed of three main fractions: cellulose, hemicellulose and
lignin and generally regarded as a composite of cellulose fibers in a lignin matrix
with a hemicellulose glue.
Cellulose is the most abundant naturally occurring organic substance. It occurs
naturally in almost pure form only in cotton fiber. In combination with lignin
and any hemicellulose, it is found in all plant material. Cellulose is a very large
polymer molecule composed of many hundreds or thousands of glucose
molecules (polysaccharide). The molecular linkages in cellulose form linear
chains that are rigid, highly stable, and resistant to chemical attack. Cellulose
monomers (beta-glucose) are linked together through 1,4-glycosidic bonds
(Figure 1.7.). Because of the strong hydrogen bonds that occur between cellulose
chains, cellulose does not melt or dissolve in common solvents.

/5

Figure 1.7.

Structure of cellulose.

Hemicellulose has a random, amorphous structure with little strength, in
contrast with cellulose, which is crystalline, strong, and resistant to hydrolysis. It
is easily hydrolyzed by dilute acid or base, but nature provides an arsenal of
hemicellulase enzymes for its hydrolysis. Hemicellulose consists of short, highly
branched, chains of sugars. It contains five-carbon sugars (usually D-xylose and
L-arabinose) and six-carbon sugars (D-galactose, D-glucose and D-mannose)
and uronic acid.
Lignin (Latin lignum means wood), is the most abundant organic material on
earth after cellulose. It is a highly polymerized, amorphous material. The
strength of wood is a result of lignin, which makes up about one-quarter to onethird of the mass of dry wood. Lignin resists attack by most microorganisms, and
anaerobic processes tend not to attack the aromatic rings at all. Aerobic
breakdown of lignin is slow and may take many days. Lignin is cement of nature
along with hemicellulose to exploit the strength of cellulose while conferring
flexibility. Chemically, lignin is made up of thousands of rings of carbon atoms
joined together (Figure 1.8.). The way in which they are linked up varies along
the chain. Lignin is a complex and variable biopolymer of p-hydroxyphenyl
propane units linked through many C-O-C and C-C bondings.
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Figure 1.8.

Structure of lignin.
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Lignocellulose materials vary in their proportions of cellulose, hemicellulose,
and lignin. Typical biomass contains 40% to 60% cellulose, 20% to 40%
hemicellulose, and 10% to 25% lignin (Lynd et al., 1999). Extractives and
minerals generally account for less than 10% of the dry biomass weight. The
composition of lignocellulose depends on the source of the raw material (Table
1.3.).
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Table 1.3. Percent dry weight composition of lignocellulosic feedstocks.
Feedstock Glucan Xylan Galactan Arabinan Mannan Lignin
Woods
Hardwood
Willow

36.8

12.7

-

1.2

1,9

20.7

Poplar

46.5

17.6

0.5

0.9

3.7

26.7

44.7

4.6

2.2

0.8

13.3

27.7

Softwood
Spruce

Agricultural residues
Corn stover

40.9

21.5

1.0

0.2

0

16.7

Wheat
straw

38.2

21.2

0.7

2.5

0.3

23.4

Rice straw
Switchgrass

34.2
31.0

24.5
20.4

0.3

11.9
17.6

Paper
sludge
(Dunapack)

0.9
2.8
Industrial residue

Carbohydrates: 31-46

11-23

Ref
Eklund,
(1994)
Hatzis et
al.,
(1996)
Sternberg
et al.,
(2000)
Wooley et
al.,
(1999)
Wiselogel
et al.,
(1996)
“
“
Not
reported
results

According to a study made by Kim and Dale (2004) about 16 time higher
bioethanol might be produced from the wasted crops and their associated
lignocellulosic materials, than the current world ethanol production. Their results
also indicated that rice and wheat straw, corn stover are potentially the most
favourable feedstocks, in the term of quantity of biomass.
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Hungary is poor in cheap, clean, high-quality domestic energy resources. The
country must use low-quality domestic fossil fuels, e.g. lignite and brown coal
and more than 50% of energy consumption is satisfied by imports (natural gas,
crude oil, petroleum products and nuclear fuel) (Molnár et al., 2002). In
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Hungary only biomass can currently be considered as a significant source of
renewable energy. By-products from food- and paper industry, agriculture and
forestry all provide various alternative energy sources. According to information
from food industry (fruit juice processing industry, canning factories and
breweries) their entire by-products are sold as animal feed or composted.

;26262;
Paper sludge is the solid waste stream of the papermaking industry, containing
the short cellulose fibers, which leave the process. Usually this stream is
deposited, which has a significant cost-increasing factor on the paper production.
Due to the high and rather accessible cellulose content (50-60%) of paper
sludge, it could be a potential feedstock of biofuel production It has advantages
over other cellulosic materials (Duff et al., 1994; Sosulski et al., 1997):
− Low or negative cost compared to biomass produced as energy crop
− It is already „pretreated”
− Continuous supply all year
Even though in Hungary approximately 50 000 tons of paper sludge is produced
annually, agricultural biomass should be considered as the most abundant and
promising renewable energy sources.

;26262/
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The amount of agricultural residues easily can be determined by statistical data
and agricultural relationships in reference to the ratios of straw and grain. On the
basis of these calculations the straw of corn in ears (wheat, barley, and rye)
represented 4 million tons in the year of 2003. Above alls corn is the major crop
in Hungary, thus corn stover is the most abundant agricultural residue with a
yield of 9-10 million tons annually. Only 10% of this amount is used as animal
feed the rest is left on the fields. To illustrate the bulk of agricultural residues a
comparison with yearly municipal solid waste of Budapest has been made
(Figure 1.9.).
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Figure 1.9.

Amount of possible lignocellulosic substrates in Hungary.

Although feedstock is available in large quantities, the main challenge for
commercialization is to reduce the major operating costs of biomass conversion
processes, primarily pretreatment and enzymes (Ingram et al., 1999; Howard et
al., 2003; Knauf and Moniruzzaman, 2004). Due to the recalcitrance of
lignocellulosic biomass, to be attractive substrate for fermentation needs to
undergo treatments (pretreatment and hydrolysis). Pretreatment is necessary to
open up the structure and make it accessible to enzymatic attack. Without any
pretreatment the enzymatic digestibility of cellulose is very low (<20%), while
removal of hemicellulose and lignin can increase the yield to over 90%
(Claassen et al., 1999; Lynd et al., 1999). These pretreatments could be physical
(e.g. steam exploded), chemical (e.g. acid or alkaline hydrolysis), enzymatic or
combinations of these methods. Pretreatment is also used for increasing the
surface area of the substrate thus increasing the rate of hydrolysis, which is the
next step in the biofuel process from lignocellulosic wastes. Detailed
information on some of the potential enzymatic and structural limitations, which
influence the hydrolysis of lignocellulosic polysaccharides, can be found in a
review written by Mansfield et al. (1999). Despite the extensive amount of
research has been undertaken in the last decades on hydrolysis, it is still the
major impediment to cost effective biofuel processing from cellulosic biomass.
Nowadays none of the the available pretreatment process could be used as a
general process, due to the great differences in lignin and hemicellulose
composition. Developments are carried out all over the world on lignocellulosic
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materials. However it is difficult to predict when the first commercial
lignocellulosic based fuel ethanol plant will be built.
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The aim of the work was to examine industrial and agricultural wastes and byproducts produced in Hungary for biofuel production. Several lignocellulosic
materials serve as possible feedstocks for conversion to alternative fuel. Section
1.2. describes production techniques used to make biofuel, especially on
biological methods used in experiments for hydrogen end ethanol production.
Section 1.3. is dedicated to the results of an assessment carried out to estimate
the available substrates in Hungary, and to highlight features of lignocelluloses.
The experimental study mainly focuses on paper sludge, which was obtained
from Dunapack Paper and Packaging Ltd., Budapest, Hungary and was
pretreated at Budapest University of Technology and Economics at the
Department of Agricultural Chemical Technology.
A summary of used materials and methods is presented in Chapter 2.
The experimental results are described in Chapter 3., which is divided into
Hydrogen production (3.1.) and Ethanol production (3.2.) Sections. Chapter
3.1.1. summarizes the ability of (hyper)thermophilic microorganisms
Thermotoga elfii, Thermotoga neapolitana and Caldicellulosiruptor
saccharolyticus for hydrogen production in dark fermentation on this paper mill
waste. The medium components required for these microorganisms for growth
and optimal hydrogen production on paper sludge hydrolysate was studied in
experimental series based on factorial design in small serum bottles. To
determinate accurate hydrogen yields and production rates fermentations, under
controlled conditions, on larger scale were also performed (3.1.2.). The
hydrogen fermentation experiments were carried out at the Department of
Bioconversion of Agrotechnological Research Institute - ATO B.V. (nowadays
called Wageningen UR, Agrotechnology & Food Innovations) in Wageningen,
The Netherlands.
Ethanol production experiments on paper sludge were performed at the
Department of Agricultural Chemical Technology, Budapest University of
Technology and Economics. The purpose of simultaneous saccharification and
fermentation experiments was to test the common used fermenting yeast
Saccharomyces cerevisiae and a thermotolerant yeast Kluyveromyces marxianus
and to reach the possibly highest yield. Attempts were also made to increase
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yields by nonisothermal simultaneous saccharification and fermentation. The
results are summarized in Section 3.2.1. In Section 3.2.2. further experimental
work is described on ethanol fermentation from corn stover, willow and spruce,
which has been carried out at Royal Nedalco, in Bergen op Zoom, The
Netherlands. This study aimed to test the fermentability of different pretreated
lignocellulosic raw materials. By-products, generated during pretreatment were
present in hydrolysates thus fermentations were carried out with an inhibitor
resistant yeast S. cerevisiae ATCC 26602 at low pH.
The main results described in the previous chapters and newly obtained insights
are summarized in Chapter 4. where speculations on future perspectives on
biofuel production are also outlined.
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A summary of used materials and methods is presented in this Chapter. More
detailed information can be found in the original publications (Paper I-IV).
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Two industrial wastes, paper sludge and old corrugated cardboard (OCC),
obtained from Dunapack Pulp and Paper Mill, Dunapack Paper and Packaging
Ltd. (Budapest, Hungary) were used for the production of ethanol in SSF
experiments. Substrates were analyzed for cellulose content using a modified
Hägglund'
s method as described in Paper III. The cellulose contents of raw
materials for paper sludge and OCC were 45% and 75 wt%, respectively.
Paper sludge hydrolysate was used for hydrogen fermentation. The paper sludge
(generally 45% carbohydrate content based on dry matter; dry matter content is
60%) originated from Dunapack Pulp and Paper Mill, Dunapack Paper and
Packaging Ltd., Hungary. Large scale hydrolysis was performed at a substrate
concentration of 4% (w/v) in a pH and temperature controlled 31 L Braun
fermentor by commercial enzyme preparations (Celluclast 1.5L and Novozyme
188) as described in Paper I. The pH and the temperature were set to 4.8 and
50°C, respectively.
Steam pretreated spruce willow and corn stover served as substrates for ethanol
fermentations (Paper IV). Pretreatment of raw materials was carried out at Lund
University (Sweden). Pretreatment of spruce, willow and corn stover were
carried out at 215°C for 5 minutes, 205°C for 4 minutes and at 190°C for 5
minutes, respectively with SO2 impregnation. Pretreatment of willow was also
carried out without SO2 impregnation at 210°C for 14 minutes.
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For hydrolysis of paper sludge and for SSF fermentation experiments
commercially available cellulase (Celluclast 1.5L) and
-glucosidase
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(Novozyme 188) preparations were applied (Novo Industri A/S (now:
Novozymes), Bagsvaerd, Denmark). The enzyme activity of industrial enzymes
was determined using Mandels and Berghem and Petterson’s methods (Paper
III). The used enzyme dosages are described in Paper I-III.
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Thermotoga elfii DSM 9442, Thermotoga neapolitana DSM 4359 and
Caldicellulosiruptor saccharolyticus DSM 8903 obtained from the Deutsche
Sammlung von Mikroorganismen und Zellkulturen (DSMZ) were used for
hydrogen fermentation. The cultures were grown in 100 ml sealed anaerobe
serum flasks containing 30 ml of culture medium (Paper I and II) for 72h at
65ºC, 48h at 80ºC and for 24h at 70ºC, respectively.
Commercial baker’s yeast and Kluyveromyces marxianus Y01070 were obtained
from the Budafok Yeast and Spirit Factory Ltd. (Budapest, Hungary) and from
National Collection of Agricultural and Industrial Microorganisms, Szent István
University – now Corvinus University (Budapest, Hungary). The inoculum
cultures for ethanol fermentations were grown in 750 ml E-flasks containing 150
ml of culture medium (Paper III) at 30°C for one day.
Saccharomyces cerevisiae ATTC 26602 obtained from the American Type
Culture Collection was used for ethanol production from steam pretreated
spruce, willow and corn stover. It was stored at -85ºC in the mixture of 50 vol%
glycerol and YPD solution. Starter cultures of S. cerevisiae ATCC 26602 were
grown in 1000 ml cap flasks containing 500 ml of culture medium (Paper IV) at
32°C for one day.
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Small scale hydrogen fermentations were carried out in anaerobic 100-ml serum
bottles with 30-ml volumes. The flasks were incubated under different
temperatures: 65°C for T. elfii, 80°C for T. neapolitana and 70°C for C.
saccharolyticus (Paper I).
Batchwise anaerobic hydrogen production on paper sludge hydrolysate by C.
saccharolyticus was performed in a 2-L bioreactor using the medium already
described in Paper I and II. The inoculum volume was 10% (v/v). The
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temperature was controlled at 70°C and the pH was maintained at neutral with 1
M KOH corresponding to pH 6.4 at the temperature of the fermentation. C.
saccharolyticus was cultivated with an agitation rate of 350 rpm. Hydrogen was
continuously removed by sparging with nitrogen at a flow rate of 7 L/h.
SSF and NSSF experiments were performed in 750 ml E-flasks. Each flask
contained 500 ml of culture with initial concentration of 6 wt.% DM of Solka
Floc 200, OCC or paper sludge. In all cases, the culture medium was
supplemented with cellulase enzymes (Celluclast 1.5 and Novozyme 188). The
living cell content in the medium was 2 × 109 cells/ml after inoculation. The
flasks were incubated in a rotary shaker at 40°C for 96 h. The pH of the
fermentation broth was set to 4.4 - 5.3. In case of NSSF experiments the same
procedure was followed except a 24 h prehydrolysis at 50°C was followed by
inoculation with yeast cells and incubation at 30°C.
Batch fermentations on supernatants (hemicellulose hydrolysate) of steam
pretreated lignocellulosics were carried out in stirred flasks with online
measuring CO2 production. Experiments were performed in 0.5 l capped flasks
containing 100 ml of fermentation broth (Paper IV) agitated at 300 rpm and
incubated in waterbath at 32°C until the end of the fermentation. The pH of the
broth was adjusted to 4.0.
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At hydrogen fermentations changes in biomass concentration throughout the
fermentation process were followed by optical density (OD) measurement at 580
nm. Quantitative biomass concentration was assayed applying microbiuret cell
protein determination. Glucose, xylose, and organic acids were analyzed by
high-performance liquid chromatography (HPLC). Production of hydrogen and
CO2 were determined by gas chromatography (Paper I and II).
Consumed sugars and products of ethanol fermentation were analyzed on HPLC
(Paper III and IV). On the supernatants of steam pretreated lignocellulosics,
changes in biomass concentration throughout the fermentation process were
measured by optical density measurement at 700 nm. Production of carbon
dioxide was monitored on-line using a HaloteC BAM-6 module (Paper IV).

61

%"

%"!" $
"I believe that water will one day be employed
as fuel, that hydrogen and oxygen will furnish
an inexhaustible source of heat and light."
Jules Verne: The Mysterious Island, 1874

Hydrogen can be produced by a number of processes as reviewed in Chapter 1.
Biological hydrogen production technologies provide a wide range of
approaches to generate hydrogen. Dark fermentation by anaerobic microbial
communities using organic waste as the substrate has drawn attention as its
ability to produce an environmentally friendly energy carrier, while
simultaneously treating waste. As mentioned previously in Section 1.3.2. several
agricultural and industrial wastes and by-products are potential raw materials for
biofuel production. One of the main objectives of this study was to test an
industrial waste (paper sludge) as a possible substrate for hydrogen production
employing (hyper)thermophilic microorganisms This Chapter summarizes the
ability for hydrogen production of two members by Thermotogales and
Caldicellulosiruptor saccharolyticus on this paper mill waste.
Members of the order Thermotogales were first found in natural ecosystem
associated with active volcanism (Ravot et al., 1996). Thermotoga elfii, isolated
from an African oil field, is a strictly anaerobic, extremely thermophilic, Gram
negative, bacterium, able to grow on different carbohydrates (glucose, arabinose,
fructose, lactose, maltose and xylose) (Ravot et al., 1995). The optimum
temperature and pH for growth are 66°C and 7.5, respectively. Thermotoga
neapolitana has been isolated from a shallow submarine hot spring near Lucrino,
Bay of Naples, Italy (Holger et al., 1988). It is a Gram negative bacterium,
which cells form rods. Growth is strictly anaerobic (however van Ooteghem et
al. (2002) reported growth under microaerobic conditions) by fermentation of
carbohydrates. As other Thermotogales it uses different carbohydrates as carbon
and energy source, and starch seems to be preferred above glucose and lactose
(Childers et al., 1992). Growth takes place up to 90°C with an optimum near
80°C (extreme thermophilic temperature), the pH at which growth occurs is
between 5.3 and 9 with an optimum at around 7 (Jannasch et al., 1988).
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Caldicellulosiruptor saccharolyticus (Figure 3.1.) originates from a geothermal
spring, Taupo, New Zealand. It is an obligate anaerobic, extremely thermophilic,
cellulolytic Gram positive bacterium (Rainey et al., 1994; Bergquist et al.,
1999). The cells are straight rods, not forming endospores. Growth occurs at the
temperature range of 45-80°C with an optimum of 70°C. The pH range for
growth is 5.5 to 8.0, the optimum being 7.0. Monosaccharides (glucose, fructose,
xylose), disaccharides (cellobiose, sucrose) and polysaccharides (cellulose,
carboxyl methyl cellulose, starch) all serve as fermentable substrates for C.
saccharolyticus (Rainey et al., 1994).

Figure 3.1.

Caldicellulosiruptor saccharolyticus. (by G. de Haas)

Research on sugar metabolism of (extreme)thermophiles has been carried out
only with a few species. One of the best studied representatives is Thermotoga
maritima (Schröder et al., 1994). Thermotoga maritima, an obligate,
hypertermophile, ferments various carbohydrates to hydrogen, acetate and CO2.
The findings indicate that T. maritima ferments sugars (glucose) by the classical
Embden-Meyerhof pathway. The metabolic pathway is shown in Figure 3.2.
Hydrogen is produced at the site of glyceraldehide-3-phosphate to
biphosphoglycerate by transfer electron via NADH, ferredoxin through proton.
A second site for hydrogen production is when pyruvate is oxidized through a
pyruvate - ferredoxin oxidoreductase producing acetyl-CoA, CO2, and reduced
ferredoxin. In the next step, ferredoxin is oxidized back to its original form, and
molecular hydrogen is formed. Probably this pathway is also performed by T.
elfii and T. neapolitana since they are members of the same genus. Metabolism
69
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of these organisms differ from the hyperthermophilic archaeon Pyrococcus
furiosus, studied by Kengen et al., (1996), which ferments sugars to acetate, CO2
and H2 involving a modified Embden-Meyerhof pathway.

Figure 3.2.

Glucose metabolism of T. maritima.
6:
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For hydrogen fermentation experiments paper sludge, was used as carbon and
energy source. This industrial waste was obtained from Dunapack Paper and
Packaging Ltd., Budapest, Hungary and was hydrolyzed at Budapest University
of Technology and Economics, for 48 hours at 50ºC with commercially available
cellulase enzymes (Celluclast 1.5L and Novozyme 188). Before inoculation with
bacteria calcium ions, originally present in the hydrolysate, were removed by
precipitation with phosphate buffer (Paper I and Paper II).
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The medium components required for T. elfii, T. neapolitana and C.
saccharolyticus for growth and optimal hydrogen production on paper sludge
hydrolysate were studied. Composition of medium for T. elfii and C.
saccharolyticus is described in Paper I. For T. neapolitana a modified T. elfii
medium was used with decreased NaCl and yeast extract concentration (5 and 1
g/l, respectively). Research was carried out in experimental series based on
factorial design according to the following design matrix (Table 3.1.). Three
factors (yeast extract, salts and trace elements) at two levels (present or absent)
were examined in order to optimize hydrogen production. The 23 factorial design
was also set up to determine the relative importance of the factors and their
interactions. During fermentations the concentrations of carbohydrates,
hydrogen, acetate and lactate were measured. Fermentations on paper sludge
hydrolysate with initial concentrations of 8.9 g/L of glucose and 1.8 g/L of
xylose were compared with fermentation on glucose medium (9.3 g/L of
glucose) as positive control.
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Table 3.1.

Scheme for addition of salts, yeast extract and trace elements to
media used for growth of T. elfii, T. neapolitana and C.
saccharolyticus.

Abbreviations*
1.
2.
3.
4.
5.
6.
7.
8.
9.

#

glc pos cont
psh pos cont
– t.e.
– salts
– salts, t.e.
– y.e.
– y.e., t.e.
– y.e., salts
– y.e., salts, t.e.

Yeast extract
(y.e)
+
+
+
+
+
-

Salts**
+
+
+
+
+
-

Trace elements
(t.e.)
+
+
+
+
+
-

* glc pos cont: positive control on glucose; 2-9: paper sludge hydrolysate as carbon and
energy source; psh pos cont: positive control on paper sludge hydrolysate
+: present; -: absent
**: see Materials and Methods in Paper I (cysteine-HCl, resazurine and Na2CO3 were
always present)

The amounts of produced hydrogen are summarized in Table 3.2. The primary
goal of screening designs was to identify the factors that influence the
“response” (hydrogen production).
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Table 3.2.

Abbreviations
glc pos cont
psh pos cont
– t.e.
– salts
– salts, t.e.
– y.e.
– y.e., t.e.
– y.e., salts
– y.e., salts, t.e.

Produced hydrogen by T. elfii, T. neapolitana and C.
saccharolyticus on paper sludge containing medium with
different supplements.
Produced hydrogen (mM)
Thermotoga
Thermotoga
Caldicellulosiruptor
elfii
neapolitana
saccharolyticus
31.5
24.1
30.7
30.9
27.1
16.9
27.4
19.0
18.5
18.8
0
19.1
20.5
0
16.9
10.8
20.7
19.2
11.8
19.9
21.2
0
0
14.7
0
0
13.8

Hydrogen production by T. elfii on paper sludge hydrolysate supplemented with
all media components was similar to hydrogen production by the positive control
(Table 3.2.). Omission of trace elements from the paper sludge hydrolysate
medium was without any significant effect. In the absence of salts (and plus or
minus trace elements) hydrogen production was lower. The omission of yeast
extract had the greatest effect. Hydrogen production in cultures without yeast
extract was much lower or absent when salts were also omitted.
The produced hydrogen on paper sludge hydrolysate by T. neapolitana on
control medium was higher than hydrogen production on glucose (Table 3.2.).
The omission of trace elements and yeast extract from the medium, resulted in
lower hydrogen production. When salts were omitted no hydrogen production
was observed at all.
The production of hydrogen by C. saccharolyticus on paper sludge hydrolysate
supplemented with all media components was much lower than the positive
control on glucose (Table 3.2.). Interestingly, the omission of media components
did not further decrease hydrogen production on paper sludge hydrolysate. Thus
C. saccharolyticus, growing on paper sludge hydrolysate, was able to produce a
significant amount of hydrogen even in the absence of yeast extract, salts and
trace elements.
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The data were analyzed using Minitab software (Paper I). To identify the
influential factors and to visualize the effects of the examined factors Pareto
charts were used (Figure 3.3.-3.5.). The Pareto chart allows looking at both the
magnitude and the importance of an effect. This chart displays the absolute value
of the effects. A reference line on the chart is drawn, corresponding to a = 0.10,
by default. Any effect that exceeds this reference line is potentially important.

B
A
AB
AC
ABC

A: salts
B: yeast extract
C: trace elements

C
BC

0

Figure 3.3.

5

10

15

Pareto chart of the effects of medium components (response is
hydrogen production on paper sludge hydrolysate by T. elfii,
alpha=0.1).
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A
C
AC
BC
ABC
B

A: salts
B: yeast extract
C: trace elements

AB

0

Figure 3.4.

10

20

Pareto chart of the effects of medium components (response is
hydrogen production on paper sludge hydrolysate by T.
neapolitana, alpha=0.1).

AB
A
AC
B
BC

A: salts
B: yeast extract
C: trace elements

ABC
C

0,0

Figure 3.5.
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0,5

1,0

1,5

2,0

2,5

Pareto chart of the effects of medium components (response is
hydrogen production on paper sludge hydrolysate by C.
saccharolyticus, alpha=0.1).
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Hydrogen production from paper sludge hydrolysate by C. saccharolyticus
seems to be independent on additional medium components (yeast extract, salts
or trace elements) (Figure 3.5.). The supplementation of the media with either
yeast extract or salts had the greatest effect on hydrogen production by T. elfii,
while trace elements were practically without any influence (Figure 3.3.). The
supplementation of the medium with salts had a significant effect on hydrogen
production from paper sludge hydrolysate by T. neapolitana (Figure 3.4.).
The dependence of T. elfii and T. neapolitana on salts is not surprising since
Thermotogales are halophilic microorganisms. Omission of the salts also
included the absence of sodium-chloride from the medium. Since Thermotoga
neapolitana grows in the presence of 0.25 to 6% NaCl hydrogen production
could not occur when NaCl was eliminated from the medium. The sodium
chloride range for growth of T. elfii is 0 to 2.8%, with an optimum around 1%.
In the absence of NaCl T. elfii was still able to grow and to produce hydrogen,
however the hydrogen production was lower, as compared to medium with an
optimum NaCl concentration. The value of NaCl, necessary for growth, depends
on the marine and continental habitats of these organisms. (Ravot et al., 1995).
The main disadvantage of T. elfii when considered for commercial exploitation
is the high yeast extract concentration required for growth. This is in agreement
with the observation of Ravot et al. (1995) and van Niel et al., (2002) who also
found that growth of T. elfii is completely dependent on medium enrichment
with yeast extract Moreover, it was shown that considerable growth and
hydrogen production on yeast extract alone occurred, indicating that yeast
extract functions as carbon-, energy- and nitrogen-source. C. saccharolyticus did
not produce hydrogen from yeast extract present as the sole carbon and energy
source.
Small scale fermentation experiments using Thermotoga elfii, Thermotoga
neapolitana and Caldicellulosiruptor saccharolyticus have shown hydrogen
production from paper sludge hydrolysate with distinct strain differences in
nutrient requirements. The results in small serum bottles in an industrial point of
view are not informative. For determinations of hydrogen yields and
productivities, important parameters in industrial processes, experiments in
closed bottles cannot be used because of uncontrolled conditions and hydrogen
accumulation. It is known that the hydrogen concentration is far the most
sensitive parameter, since high hydrogen partial pressures in the liquid phase
affect hydrogen production by a negative feedback on the activity of
hydrogenases (Hawkes et al., 2002; van Niel et al., 2003). Fermentations carried
out in bioreactors could eliminate this problem by continuously removing
produced hydrogen from the culture.
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Fermentations on a larger scale under controlled conditions allowed accurate
determinations of hydrogen yields and hydrogen production rates. Since
hydrogen production of C. saccharolyticus on paper sludge hydrolysate was
much less affected by nutrient supplementation this strain has been chosen for
further studies.
Batch wise anaerobic hydrogen production by C. saccharolyticus was performed
in a 2-L bioreactor (Paper II) equipped with a gas chromatograph for online
measurement of hydrogen produced during fermentations. Hydrogen was
removed from the medium by sparging with nitrogen gas at a flow rate of 7 L/h.

62;2/2;
Prior to using paper sludge hydrolysate as carbon source, reference fermentation
experiments with analytical grade pure sugars, glucose and xylose, typically
present in such hydrolysates with initial concentration of 10 g/l were carried out
for comparison (Paper II). The theoretical yields on glucose and xylose are
according to the following reactions:
C6H12O6 + 2H2O
3C5H10O5 + 5H2O

4H2 + 2CH3COOH +2CO2
5CH3COOH + 5CO2 + 10H2

Equation 3.1.
Equation 3.2.

During the fermentation carbohydrates were completely utilized by the
bacterium. However, when xylose was the sole carbon source present in the
medium the consumption of this sugar was somewhat slower than the
consumption of glucose. After complete consumption of glucose and xylose, the
fermentation broth was analyzed for concentrations of biomass, glucose, xylose,
and various organic acids (acetate and lactate). Carbon balances could be
completed on glucose, xylose and sucrose (97, 99 and 96% respectively, as mM
C in products as percentage of mM C in substrate) which indicates that no other
products were formed from these sugars (Paper II; van Niel et al., 2002).
Hydrogen production from glucose and xylose is comparable to results found in
the literature (Table 3.3.).
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Table 3.3.

Literature overview on hydrogen production by thermophiles on
pure carbohydrates.

Strain
T. elfii
T maritima
T. neapolitana
C. saccharolyticus

*

#

Carbohydrate
glucose
glucose
glucose
glucose
xylose
sucrose
glucose and xylose

H2 yield
(%)*
82
77
71
66
56
63
67
74
61

Reference
van Niel et al., (2002)
Ravot et al., (1996)
Ravot et al., (1995)
Ravot et al., (1996)
Ravot et al., (1996)
Paper II
Paper II
van Niel et al., (2002)
Paper II

: as percentage of theoretical yield (equation 1)

A wide range on hydrogen production rates has been reported, which depends on
the biohydrogen system. Light dependent biohydrogen systems (direct
photolysis, indirect photolysis and photofermentation) all have rates of hydrogen
synthesis below 1 mM/(L·h), while dark fermentation systems all produce
hydrogen rates above 1 mM/(L·h) (Levin et al., 2004). Maximum production
rates of hydrogen obtained on glucose and xylose by C. saccharolyticus were
10.7 and 11.3 mmol/(L·h) respectively (Paper II). In the literature for C.
saccharolyticus cultivated on sucrose-containing medium, a maximum hydrogen
production rate of 8.4 mmol/(L·h) was published by van Niel et al. (2002).
Prior to performing fermentation on paper sludge hydrolysate as the only carbon
source present in the medium, reference fermentation experiments were carried
out on a mixture of the pure sugars, glucose and xylose, according to the
concentration present in the hydrolysate (Paper II). This set up allowed the
fermentability potential of this industrial waste. On this medium the yield of
hydrogen has been decreased compared to the yields on separated sugar
medium, but was still in the range of 56-82% published in the literature (Table
3.3.).
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To be able to scale up hydrogen production for industrial proportions in the
future, paper sludge hydrolysate was not sterilized. In large scale processes it
can significantly reduce the costs. The high operating temperature (70ºC) and
HRT can be a sufficient selection pressure for undesired microorganisms like
methanogens as also described by van Groenestijn et al. (2002). This could
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make non-axenic operation without the danger of acetate or hydrogen
consumption.
Fermentation experiments on paper sludge hydrolysate were first carried out in
the presence of all medium components as presented in Paper I and Paper II.
During fermentation glucose and xylose were converted to hydrogen, acetate and
lactate (Figure 3.7.) comparable to control fermentation on mixture of pure
sugars (Figure 3.6.).
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Hydrogen production by Caldicellulosiruptor saccharolyticus
using: glucose and xylose medium. Hydrogen, (- -); Acetate,
(- -); Lactate, (-X-); Glucose, (- -); Xylose, (- -); OD580nm,
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Figure 3.7.

Hydrogen production by Caldicellulosiruptor saccharolyticus
using paper sludge hydrolysate. Hydrogen, (- -); Acetate, (- -);
Lactate, (-X-); Glucose, (- -); Xylose, (- -); OD580nm, (- -).
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On control fermentation (Figure 3.6.) a normal growth curve with a short lag
phase followed by an exponential phase was observed. The maximum optical
density was reached between the 22nd and 26th hours. Table 3.4. shows the
sugar consumption and products formation at the end of fermentations, on paper
sludge hydrolysate and control fermentation. Hydrogen and acetate production
by C. saccharolyticus on hydrolysate were lower while lactate production was
higher than on control medium (Table 3.4.). The hydrogen yield has also
decreased from 61 to 50% of theoretical maximum yield for fermentations on
pure sugars and on hydrolysate, respectively (Table 3.5.).
Table 3.4.

Condition
control*
psh**
psh+ye***

Sugar consumptions (glu-glucose, xyl-xylose) and product
formations (ac-acetate, lac-lactate) for control and paper sludge
hydrolysate cultivation conditions using C. saccharolyticus.
Glu
(mM)
34.3
37.2
37.2

Xyl
(mM)
14.5
6.1
6.2

H2
(mM)
113.3
84.7
87.3

Ac
(mM)
63.2
49.9
41.0

CO2
(mM)
64.8
nd
nd

Lac
(mM)
15.0
24.5
41.9

Biomass
(g/l)
1.0
nd
nd

*

: control fermentation on mixture of glucose and xylose according to the concentration
present in psh
**
: paper sludge hydrolysate supplemented with all nutrients
***
: paper sludge hydrolysate supplemented only with yeast extract (and cysteine)
nd: not determined

Interference of components in the hydrolysate with the protein content
determination disallowed biomass content determination, resulting in an
incomplete mass balance nevertheless, >85% of the carbon could be accounted
for in the products. In fermentations on pure sugars ~14% of the sugars was
assimilated in cell mass (Paper II).
Although the same batch of paper sludge hydrolysate was used for several
experiments under identical conditions the lactic acid formation occurred to a
different extent (Paper II). Fermentations with >90% hydrogen yield has been
observed when lactate production remained significantly lower (2.7mM) than
compared to fermentations reported in Table 3.4. The formation of lactate
occurred inconsistently. Lactate production by thermophiles during hydrogen
fermentation has been described previously (Perego et al., 1998; Guedon et al.,
1999; van Niel et al., 2003) but this regulation is not known yet.
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Previous experiments showed that C. saccharolyticus did not depend on
nutrients for hydrogen production from paper sludge hydrolysate. Therefore, an
experiment was carried out where all nutrients, except yeast extract and cysteine,
were omitted from the production medium. Although small scale experiments
with paper sludge hydrolysate did not shown a significant effect of yeast extract
on hydrogen production, van Niel et al. (2002) reported that yeast extract is
required for optimal growth of C. saccharolyticus. Addition of cysteine to the
culture medium as a reducing agent is an absolute requirement. Fermentation of
paper sludge hydrolysate supplemented with yeast extract and cysteine only
showed comparable values for carbohydrate consumption and hydrogen and
acetate production as found for fermentations on complete medium, but lactate
production was significantly higher (Table 3.4.).
Table 3.5. summarizes hydrogen yields and production rates obtained on paper
sludge hydrolysate by C. saccharolyticus. Similar hydrogen yields were found
on fermentations carried out on hydrolysate when only yeast extract was added
(52%), compare to fermentations on complete medium (50%). Fermentations on
hydrolysate showed reduced hydrogen production rates to approx 5.5
mmol/(L·h) as compared to fermentations of pure sugars. This was possibly due
to unidentified inhibiting components in the paper sludge.
Table 3.5.

Hydrogen yields as percentage of theoretical maximum yield
and maximum hydrogen production rates on paper sludge
hydrolysate by C. saccharolyticus.
H2 Yield
(%)
61
50
52

Condition
control*
psh**
psh + y.e.***

*

rH2 max
(mmol/L·h)
9.2
6.0
5.3

: control fermentation on mixture of glucose and xylose according to the concentration
present in psh
**
: paper sludge hydrolysate supplemented with all nutrients
***
: paper sludge hydrolysate supplemented only with yeast extract (and cysteine)
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One of the merits of dark fermentation for hydrogen production is that it
produces significant amount of valuable metabolites (mainly acetate) as byproduct. This organic acid is known to serve as a substrate for hydrogen
production by photosynthetic bacteria. By combining dark and
photofermentation a two step fermentation process is designed. The pre-treated
1;
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biomass is the substrate for the dark fermentation, where hydrogen, CO2 and
organic acids are produced from sugars. Photobacteria are able to convert these
organic acids to hydrogen and CO2 in a photoheterotrophic fermentation using
light as an energy source (Figure 3.8.). The energy from light is necessary to
perform the reactions with higher energy barriers. This combined process is
enabling the total conversion of 1 mol glucose into 12 mol hydrogen (Claassen
et al., 1999): in the first step the theoretical efficiency is 4 moles hydrogen per
mole consumed glucose (equation 1.7.), while in the second step the theoretical
maximum of 8 moles hydrogen per 2 moles acetate (derived from 1 mole of
glucose) according to:
CH3COOH + 2H2O

4H2 + 2CO2

∆G0’= +104 kJ

Gas separator

H2 + CO2

N2

Biomass

Equation 3.3.

Gas separator
H2 + CO2
carbohydrates

CO2

H2 + CO2
H2
organic acids

organic acids

Light

Stage 1

Stage 2

Stage 1: dark fermentation: biomass
organic acids + CO2 + H2
Stage 2: photo fermentation: organic acids
CO2 + H2

Figure 3.8.
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Hydrogen production from biomass by a two step fermentation
process (Claassen et al., 2000).
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Hydrogen can be produced from several renewable resources such as energy
crops like Miscanthus (de Vrije et al., 2002) and sweet sorghum (Claassen et al.,
2002) and from waste streams like sweet potato and corn starch residue (Perego
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et al., 1998; Yokoi et al., 2001), sugary wastewater (Ueno et al., 1996), food
waste (Han and Shin, 2004), organic municipal waste (Noike and Mizano, 2000)
in different biological processes. A detailed comparative study on different
microbial hydrogen-producing systems on different raw materials was reported
by Das and Veziro lu (2001).
On paper sludge hydrolysate already a yield of more than 90% was observed in
the absence of lactate production (Paper II), however the generally obtained
yield of hydrogen on paper sludge hydrolysate based on sugars present in the
hydrolysate was only approx 50% of the theoretical. Therefore, the regulation of
lactate production during thermophilic hydrogen fermentation needs to be
addressed in future studies. Economic feasibility will not be sustainable until
these yields reach the 80% mark (Benemann, 1996). However, attempts are
being made to increase the hydrogen yield.
Even though the first “hydrogen petrol station” has been opened by Shell
Hydrogen in Iceland in Reykjavik on April of 2003 (News@All - energy, 2003)
realistically most analysts do not foresee hydrogen as a fuel to be available on
the market for the next 3-5 decades. New Zealand and Denmark were already
made scenarios for future use of hydrogen as a transportation fuel (Kruger et al.,
2003; Sørensen et al., 2004). Introduction of hydrogen can be achieved if the
main obstacles (cost, production, transportation, storage) discussed in Section
1.2.1.2. will be solved. In contrast to hydrogen, ethanol blended to fuel is already
in use. In Sweden several fuelling stations for E10 (petrol with 10% ethanol) and
for E85 (85% ethanol, 15% petrol) are already operating (Sunnerstedt, 2000).
Considering that ethanol rather seems to be the fuel for the near future, paper
sludge was also studied as a possible substrate for ethanol fermentation. The
results on this study are summarized in Chapter 3.2.
Although it is reported that hydrogen is a long term solution to the problems of
global warming and pollution the advantages of hydrogen are well known and
convincing. Hydrogen assumed to be used in most vehicles of transportation in
the future, due to the high efficiency of fuel cells and due to the lack of harmful
emission products. Moreover hydrogen has more applications than in the
transportation sector, such as in alternative metallurgical processes, chemical
technologies or in household fuel production. However, it is difficult to predict
when it will be possible to produce hydrogen in an economical way from
biomass, and whether it will be feasible to produce hydrogen by biological
methods compared to thermochemical ones (Section 1.2.1.3.).
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"The fuel of the future is going to come from fruit
like that sumach out by the road, or from apples,
weeds, sawdust - almost anything….
There is fuel in every bit of vegetable matter that
can be fermented. There'
s enough alcohol in one
year'
s yield of an acre of potatoes to drive the
machinery necessary to cultivate the fields for a
hundred years.” Hanry Ford, New York Times,
1925.

In order to test paper sludge as a possible feedstock for ethanol production
fermentation experiments have been carried out by simultaneous saccharification
and fermentation (SSF - Section 1.2.2.3.). During this study, ethanol production
of thermotolerant yeast (K. marxianus) and ordinary baker'
s yeast was also
investigated on paper sludge and old corrugated cardboard using purified spruce
cellulose powder as the control. Section 3.2.1. summarizes the results and
problems related to ethanol production from paper sludge. In Section 3.2.2.
ethanol fermentation experiments by an inhibitor resistant yeast, carried out on
other lignocellulosic substrates are summarized.
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Two industrial wastes, old corrugated cardboard (OCC) and paper sludge,
obtained from Dunapack Paper and Packaging Ltd. (Budapest, Hungary), were
used for the production of ethanol in SSF experiments. (This factory is basically
manufacturing packaging paper and sack paper from waste paper without
deinking.) Solka Floc 200 pure cellulose powder (FS&D, Urbana, IL, U.S.A.)
was used in reference fermentation tests.
Commercially available enzyme preparations, Celluclast 1.5L and Novozyme
188 (Novo Industri A/S, Bagsvaerd, Denmark) were applied in SSF experiments.
Supplementation of Celluclast 1.5L by extra -glucosidase enzyme was
necessary since just like many cellulase preparations, especially from
Trichoderma reesei. This enzyme has low -glucosidase activity (Grohmann,
1993; Nieves et al., 1998), but additional -glucosidase significantly improves
performance of SSF (Spindler et al., 1989; Wyman et al., 1992; Kadam and
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Newman, 1997). Increased cellulase loading usually results in higher ethanol
concentration (Stenberg et al., 2000).
Since most of the studies found Kluyveromyces strains the most thermotolerant,
more detailed studies were carried out with this strain (Paper III). The upper
limit for growth was found to be at approx. 49ºC, the inhibitory effect of
elevated temperature was reflected by low biomass and ethanol yield (Hughes et
al., 1984; Szczodrak and Targo ski 1989). Anderson and co-workers (1986)
have suggested that via genetic engineering of this strain, carbohydrates close to
50°C with high ethanol yield would be possible to ferment. Growth and ethanol
production on mono-, di- and polysaccharides was examined. The
thermotolerant yeast strain Kluyveromyces marxianus IMB3 was shown to be
capable of growth and ethanol production on glucose (Banat and Marchant
1995), on sucrose (Fleming et al., 1993), on lactose (Brady et al., 1994) and on
cellobiose (Barron et al., 1994, 1995; Singh et al., 1998). The organism was also
found to produce a cell associated activity capable of hydrolyzing sucrose, a cell
associated -galactosidase and -glucosidase. Intracellular inulinase and
polygalacturonase were also isolated from Kluyveromyces marxianus (CruzGuerrero et al., 1999; Selvakumar and Pandey 1999; Wenling et al., 1999).
Simultaneous saccharification and fermentation studies by Kluyveromyces
strains have been also carried out on barley and wheat straw (Boyle et al., 1997;
Ballesteros et al., 2004) and on spruce (Bollók et al., 2000).

62/2;2;
Saccharomyces strains are known as good ethanol producing microorganisms,
on operating temperature up to 35°C. Screening of baker’s yeast and
thermotolerant yeast strains belonging to genera Kluyveromyces have been
carried out previously (results not reported). Since S. cerevisiae is the most
widely used process microorganism for ethanol production and has shown
glucose consumption as rapid as K. marxianus Y01070 at 40°C thus
commercially available baker’s yeast has been also investigated in SSF
experiments.
The SSF experiments were performed in 750-ml E-flasks at 40°C with 6 wt%
(DM) initial concentration of Solka Floc 200, OCC or paper sludge. Since the
ethanol yield is not influenced by the applied enzyme dosage in the range of 10
and 20 FPU/g substrate enzyme loading as reported by Duff et al. (1994) and
Lynd et al. (2001), but 10 FPU/g is essential (Philippidis, 1997), in all cases, the
culture medium was supplemented with 15 FPU of cellulase and 15 IU of glucosidase enzymes per g dry substrate. Samples were withdrawn regularly and
culture supernatants were analyzed for their glucose and ethanol concentrations
(Paper III).
11
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A typical diagram of SSF fermentation with the measured concentration of
glucose and ethanol is shown in Figure 3.9. As in the initial phase glucose is
produced faster than it is fermented by yeast, glucose accumulates in the
medium. Later yeast cells multiply and the rate of fermentation is faster while
the rate of enzymatic hydrolysis slows down. Although during the SSF
experiments both with K. marxianus and S. cerevisiae it was expected that after
an initial adaptation phase, glucose concentration would be reduced, it stayed
rather high (Paper III). It indicates that the rate of hydrolysis was higher than the
rate of glucose consumption by the yeast cell, which resulted in glucose
accumulation in the fermentation broth.
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Figure 3.9.
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Illustration of typical SSF (ethanol: broken line, glucose:
continuous line).

On control medium similar ethanol concentrations, at approx. 17 g/l, were
obtained with both strains. When Solka Floc substrate in the SSF fermentation
was substituted with OCC or paper sludge the ethanol concentration, obtained
after 72 hours of fermentation, significantly decreased from 17g/l to 14g/l and
9g/l respectively, due to the substantially lower cellulose concentration in OCC
and paper sludge. The cellulose content of OCC, paper sludge and Solka Floc
200 were 75wt%, 45wt%, and 95wt%, respectively (Paper III). The lower
ethanol productivity obtained on industrial wastes compared to that achieved
Solka Floc is also a consequence of the lower cellulose content of the raw
material used.
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When performance of the two yeast strains was compared on the same substrate,
no significant difference was observed and similar ethanol yields were obtained
(Figure 3.10.). It can be stated that the conventionally used S. cerevisiae for the
ethanol fermentation can be applied at 40°C in the SSF process.
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Figure 3.10.
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Ethanol yields of SSF experiments carried out on Solka Floc,
OCC and paper sludge by K. marxianus (black columns) and S.
cerevisiae (grey columns).

Although, ethanol yields were considered rather low (0.30-0.34 g ethanol/ g
cellulose) they were comparable to that obtained in the literature varied between
0.1 and 0.47 g/g on different wastes from paper industry in SSF process (Table
3.6.). On paper sludge 66.7% of the theoretical ethanol was achieved. Extensive
studies with SSF experiments on paper sludge were carried out by Lynd et al.
(2001). Their results show sensitive dependence on origin of the raw material
(sludge processing). They tested sample of different origin. Of the 28 tested
sludges, 19 achieved ethanol yields in excess of 80%, 12 achieved ethanol yields
in excess of 90% and 8 achieved yields in excess of 95% of the theoretical.
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Table 3.6.
Substrate
Solka Floc

Milled filter
paper
Pretreated
milled filter
paper
OCC
Paper mill
waste fiber
Different
paper sludges
Paper sludge

Literature overview on SSF experiments carried out on byproducts from paper industry.
T (°C)

Yeast strain

Yield

42

K. marxianus LG

0.46

40
40

K. marxianus Y01070
S. cerevisiae

0.34
0.31

45

K. marxianus IMB3

0.1

45

K. marxianus IMB3

0.21

40
40

K. marxianus Y01070
S. cerevisiae

0.31
0.32

37

S. cerevisiae M1300

0.34

37

S, cerevisiae D5A

0.28-0.47

38
40
40

K. marxianus ATCC
36907
K. marxianus Y01070
S. cerevisiae

0.37
0.33
0.33

Reference
Ballesteros et al.,
(1991)
Paper III
Paper III
Barron et al.,
(1995)
Nilsson et al.,
(1995)
Paper III
Paper III
Xin et al.,
(1993)
Lynd et al.,
(2001)
Lark et al.,
(1997)
Paper III
Paper III

62/2;2/
As already mentioned in Section 1.2.2.3., a main problem associated with SSF
process is the difference between the optimum temperature of hydrolysis and
fermentation. The enzymatic reaction is operated at a temperature much lower
than its optimum level, thus forcing the enzyme activity to be far below its
maximum. The initial hydrolysis rate at 35°C is only 28% of that measured at
50°C (Oh et al., 1996), consequently raising the enzyme requirement. On the
other hand fermentation is operated at a temperature higher than its optimum
level, thus having a negative effect on the rates of growth and ethanol
production.
To alleviate these problems, a modified simultaneous saccharification and
fermentation process was investigated. Since in SSF the rate limiting step is the
hydrolysis, it was assumed that a pre-hydrolysis at optimum temperature for
enzymes could improve the process. For this reason non-isothermal SSF (NSSF)
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experiments were carried out. In case of NSSF experiments, similar procedure to
SSF was followed except a 24-hour prehydrolysis was performed at 50°C prior
to inoculation with yeast cell. After the prehydrolysis each flask was inoculated
with yeast cells and incubated at 30°C (Paper III). The temperature program is
shown in Figure 3.11. Wayman and co-workers (1992) have reported a similar
process for bioconversion of waste paper, which was specified as a presaccharification at 45ºC for 6h, followed by a fermentation at 37ºC.
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Figure 3.11.
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Temperature program of NSSF.

A few studies on SSF of cellulose report the application of different temperature
profiles (Huang and Chen, 1988; Oh et al., 1996; Varga et al., 2004) as shown
on Figure 3.12.
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Temperature profilings.

Oh and co-workers (1996) achieved a 27-30% increase in final ethanol
concentration with temperature profiling (Figure 3.12.a) compare to constant
temperature SSF using a genetically improved yeast strain. Huang and Chen
(1988) examined the SSF technique with temperature profiling by Zymomonas
mobilis, using Solka Floc as the substrate. Two different strategies were applied
(Figure 3.12.b-c). Results showed that by a temperature cycling (Figure 3.12.b)
the ethanol productivity (final ethanol concentration divided by reaction time)
could be increased, however a similar ethanol yield (0.23 g/g) was obtained as
with traditional SSF. In contrary, with temperature profiling (Figure 3.12.c) the
obtained ethanol yield was significantly higher (0.32 g/g) than that obtained with
isothermal SSF. Unfortunately, the productivity was slightly lower due to
increased processing time. Temperature profiled SSF experiment (Figure 3.12.d)
also allows to perform fermentations at higher dry matter content (Varga et al.,
2004).
The results of NSSF experiments (Paper III) carried out on different cellulosic
waste materials, i.e. old corrugated cardboard and paper sludge (using Solka
Floc, a purified spruce cellulose powder as control) by thermotolerant yeast (K.
marxianus) and ordinary baker’s yeast are shown in Table 3.7. In contrary to the
results of Huang and Chen (1988) and Oh et al. (1996) in NSSF experiments
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slightly lower final ethanol concentrations, and therefore lower ethanol yields
were reached compared to that obtained with SSF using the same substrate. In
the case of using S. cerevisiae, 11% higher cellulose conversion was obtained
with SSF than with NSSF.
Table 3.7.

Solka floc
SSF
NSSF
OCC
SSF
NSSF
Paper sludge
SSF
NSSF

*

SSF and NSSF of various substrates using K. marxianus and S.
cerevisiae.
Kluyveromyces marxianus
cEtOH*
YEtOH**

Saccharomyces cerevisiae
cEtOH*
YEtOH**

17.8
16.0

0.337
0.303

16.6
15.1

0.314
0.287

14.1
12.3

0.312
0.273

14.2
12.4

0.315
0.276

8.8
6.3

0.325
0.246

9.0
7.0

0.334
0.259

: g/l
: g EtOH/g cellulose

**

Productivities calculated for NSSF gave considerably lower values compared to
those calculated for SSF (Paper III), due to increased process time. All these
negative effects indicate that from an industrial point of view there is no
advantage to apply the NSSF operation mode.

62/2;26
The highest ethanol concentration reached on paper sludge by SSF and NSSF
processes was bellow 1 (v/v)%. To obtain the minimum requisite of 5(v/v)%
ethanol concentration in fermentation broth required for an economically viable
industrial-scale ethanol distillation, higher initial substrate (paper sludge)
concentration and higher hydrolysis conversion yield is needed. Using a higher
substrate concentration (over 6 (w/w)%) of fibrous paper sludge resulted in
inefficient mixing.
On the other hand an other problem with paper sludge was realized: the
composition of paper sludge varies greatly with time. At the Department of
Agricultural Chemical Technology at Budapest University of Technology and
7;
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Economics composition of 17 samples during a 12 months time period from
Dunapack Paper and Packaging Ltd. were determined (not reported results). The
dry weight and total carbohydrate content of paper sludge samples showed large
deviation between 23.5wt% and 46.2wt%, 20.5 wt% and 55.2wt%, respectively.
Even though paper sludge is a continuously “produced” waste with high
cellulose content, in my opinion I would not force it as a feedstock for biofuel
production. I think for that much favourable substrates – discussed in the
followings (Section 3.2.2.) - could be used. However storage of this waste has to
be solved. Usually this stream is deposited, which has a significant costincreasing factor on the paper production. Producing a value added product,
from the cellulose present in the paper sludge, could provide an economically
more attractive option. Approaches to solve the handling of paper sludge
according to the literature are numerous.
Paper sludge can serves as substrate for lactic acid fermentation as have been
reported by Tong et al. (2003). Lactic acid utilized in the food, chemical and
pharmaceutical fields. Sandi and co-workers (2003) have reported a study with
the aim to develop a process, which is able to produce a unique carbon-based
material using wastes as paper sludge, thus reducing the cost and environmental
damage resulting from disposal of the waste sludge. The results showed that
paper sludge could be successfully converted to carbonaceous materials with
specific end use in electrochemical processes, to be excellent as anodes in
lithium ion cells. Methods for removal of heavy metal ions (cadmium,
copper(II), lead and zinc) from wastewater with biosorption was investigated in
recent years by sewage sludge, paper mill waste and composted paper mill waste
(Lister and Line, 2001). Paper mill waste showed lower metal-sequestering
ability than sewage sludge, but it was significantly improved by composting it
for 1 or 3 months. However sewage sludge was the most effective biosorbent it
should be noted, that the possible use of it has a potential hazards by human
pathogens. Canada produces 1.5 million tons of paper sludge annually. To
reduce landfilling paper sludge was studied as an available resource for
composting, mixed with hardwood, since this waste contain significant amount
of plant nutrients (Marche et al., 2003). This compost could improve the
structural stability of the soil. German scientists (Welker and Schmitt, 1997)
analyzed different paper sludges. It was found that the amount of heavy metals
in this waste are relatively lower compared to sewage sludge – which could be
also used for land application in agriculture. In contrast to this AOX (adsorbable
organic halogens) values are high. Contaminations in printing inks and smaller
fragments of chlorinated wood polymers, especially lignin were found to be the
main AOX sources.
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Lignocellulosic materials such as agricultural, hardwood and softwood residues
are potential sources of sugars for ethanol production. Agricultural residues and
hardwoods are similar in that they have lower lignin content and the hemicellulose produces significant amounts of pentose sugars. Softwoods have a
higher lignin content, which makes the hydrolysis step more difficult, but they
generally produce less pentose sugars. In the biomass to ethanol process
lignocellulosic biomass has to be converted to fermentable sugars, which can be
further fermented to ethanol. A schematic flow sheet is shown in Figure 3.13.

pretreatment

enzyme production
filtering

hydrolysis
SSF

condensate
evaporation

distillation

lignin

fermentation

nonvolatile
residue

Figure 3.13.

Schematic flow of biomass to ethanol process.

Pretreatment of lignocellulosic raw material is necessary to open up the structure
to make it accessible for enzymatic attack, thus increase the ethanol yield
(Chapter 1.3.). Spruce, willow and corn stover was pretreated at Lund University
as described in Paper IV. Pretreatment of willow was carried out with and
without SO2 impregnation in order to test the effect of SO2 present in the
hemicellulose hydrolysate on ethanol fermentation. (SO2 is necessary to improve
hemicellulose recovery.) The complete analysis of pretreated materials was
carried out at the Budapest University of Technology and Economics and is
summarized in Table 3.8.
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Table 3.8.

Composition of pretreated materials by steam explosion.

sample
%
moisture
Water Soluble
Cellulose in pretreated
material
g/l
cellobiose
glucose
mannose
xylose
arabinose
formic acid
acetic acid
levulic acid
HMF
furfural

89.97
3.39

Willow*
-SO2
+SO2
Whole slurry
81.39
75.3
4.52
8.93

4.12

9.05

Corn stover

0.16
2.54
12.9
1.35
0.7
1.59
0.04
0.16

Spruce
76.24
8.34

10.91

8.95

Liquid fraction
0.4
1.4
1.7
10.5
3.7
28.1
0.17
0.67
1.36
1.57
8.24
9.34
1.18
1.38
2.66
2.03

3.0
40.2
35.8
0.9
2.4
6.8
1.7
5.0
3.3

*: willow impregnated without (-) or with (+) SO2

The hemicellulose hydrolysate consisted of soluble hemicellulose quantified as
monomers (glucose, xylose, arabinose and mannose) in different concentrations.
Difference between softwood (spruce) and hardwood (willow) is noticeable in
chemical composition. Hemicellulose of hardwood is reach in xylan polymers
and contain small amount of mannan, while in contrast softwood hemicellulose
contains mainly mannan polymers (Szengyel, 2000). As xylose and mannose
could not be separated on the used HPLC column, since have a similar response
factor. Mannose is a predominant sugar originating mainly from softwood while
in other substrates the ratio of xylose and mannose is 20:1. Therefore, in
pretreated spruce this carbohydrate was assumed to be mannose, whereas at
pretreated corn stover and willow the sugar peak was interpreted as xylose
(Table 3.8.).
During pretreatment process a range of toxic compounds are formed (Table
3.8.). Olsson et al. (1996) divided inhibitors into different groups depending on
the origin. Most of the inhibitors produced during pretreatment (Figure 3.14.).
Acetic acid is released during hemicellulose structure is degraded, furfural, 5hydroxymethyl furfural are produced due to sugars degradation, while aromatic
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compounds are originating from lignin degradation. Formic acid is formed when
furfural and HMF are broken down and levulinic acid is formed by HMF
degradation. A detailed review on the generation of inhibitors, on the
mechanisms of inhibition and on detoxification methods have reported by
Palmqvist and Hahn-Hägerdal (2000). On the other hand products from the
fermentation process (ethanol, acetic and lactic acid) also inhibit the
microorganism (Olsson et al., 1993; Delgenes et al., 1996; Narendranath et al.,
2001). Composition (quantitative and qualitative) of the inhibitors arising during
pretreatment depends on the type of applied pretreatment and also on the type of
lignocellulosic material.
Lignocellulosic material
Hemicellulose

Cellulose

Lignin

CH3COOH
Acetic acid
CHO
H
HO
H

CHO
HO

H

H

H

HO

H

HO

H

HO

OH

HO

H

H

OH

H

OH

H

H
H
CH2OH

Xylose

Mannose

OH

CH2OH
Galactose

HCOOH

Furfural

Figure 3.14.

CHO

OH
OH
CH2OH

CHO

Formic acid

H

OH
H

Phenolic
compounds

OH
OH
CH2OH
Glucose

H2C-CO-CH2-CH2-COOH

HMF

Levulinic acid

Formation of inhibitors during pretreatment (Palmqvist, 1998).

Since hemicellulose of hardwood (willow) is more acetylated than softwood,
pretreated willow resulted in the highest acetic acid concentration (Table 3.8.).
In overall the highest concentration of inhibitors was observed in pretreated
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spruce and it was the only pretreated material where levulinic acid formation has
been noticed as well. The lowest concentrations of inhibitors were measured on
corn stover. Lignin degradation products were not determined from
hemicellulose hydrolysates.
Batch fermentations were carried out in 0.5 l stirred flasks, contained 100 ml of
fermentation broth, incubated in waterbath at 32°C until the end of the
fermentation with online measuring CO2 production (Paper IV). The aim of the
study was to test the fermentability and inhibitory effect of steam pretreated
spruce, willow and corn stover, using an inhibitor resistant yeast strain
(Saccharomyces cerevisiae ATCC 26602). Before fermentation tests on
pretreated lignocellulosic materials, experiments were performed to screen
different yeasts strains (strains from culture collections and strains from the
project partners) to test ethanol production, sugar utilization, inhibitor tolerance
and viability of the strains on various pretreated materials. Of all tested strains
Saccharomyces cerevisiae ATCC 26602 seemed to grow far best on toxic
materials (data not shown). For fermentation studies pretreated materials were
separated by means of centrifugation and the liquid part (hemicellulose
hydrolysate) was used for fermentation. Glucose was added as described in
Paper IV, according to the cellulose content of pretreated material (Table 3.8.),
assuming that all cellulose would be hydrolyzed during enzymatic hydrolysis
(Figure 3.13.).
The initial pH of the broth was adjusted to 4.0. Fermentation of lignocellulosic
substrates is usually carried out at pH 5.0-5.5. Inhibition of acetic acid is reduced
by maintaining higher fermentation pH, but on the other hand running
fermentation under sterile conditions on large scale is not realistic. Therefore it
is important to keep the pH low (<<4.5) to prevent bacterial contamination and
even more organic acid formation with an even more inhibited process.
Preliminary fermentation studies were carried out earlier (unpublished data) on
wet oxidized, enzymatically hydrolyzed corn stover to test the effect of pH to
confirm the hypothesis of the importance of this parameter (Figure 3.15.).
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Effect of pH on fermentation of wet oxidized and hydrolyzed
corn stover by S. cerevisiae ATCC 26602. pH 4.8 (- -), pH 4.4
(- -), pH 4.0 (- -). pH 3.8 (-X-).

Reduction of pH had no effect on ethanol yield had only a negative effect on the
fermentation rate and therefore an increased fermentation time. Based on these
preliminary investigations and on the basis of industrial considerations
fermentation of different steam exploded hydrolysate samples were tested at pH
4.
The results of ethanol fermentation on hemicellulose hydrolysates are presented
in Paper IV, where gas production rates (ml/min) are plotted versus fermentation
time as a measure of actual volumetric ethanol production rate during the
process. In general the CO2 production profile showed the same curve with
differences in lag phase. By increasing the ratio of hemicellulose hydrolysate in
the medium the lag phase became longer indicating that the yeast requires an
adaptation period due to inhibitors present in the fermentation broth.
Comparison of fermentation results represented by different steam exploded
lignocellulosic raw materials, is in good agreement with inhibitor concentration
of samples. The inhibitoriest sample has resulted at the highest dilution ratio,
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which was necessary to avoid the effect of inhibitors. A typical fermentation
chart is shown in Figure 3.16.
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Fermentation of spruce hemicellulose hydrolysate at different
vol% by S. cerevisiae ATCC 26602. 30% (-), 40% (- -); 50%
(- -), 55% (-X-).

Obtained ethanol concentrations on different hemicellulose hydrolysates at the
highest concentration, where fermentation was not blocked by inhibitors, are
summarized in Table 3.9. The ethanol yield was calculated from the ethanol
concentration determined by HPLC at the end of the fermentation based on the
potential fermentable sugars (glucose and mannose) concentration.
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Table 3.9.

Ethanol fermentation results on steam pretreated spruce, corn
stover and willow with Saccharomyces cerevisiae ATCC 26602.
name

Substrate

Spruce
Corn stover
Corn stover*
Willow (-SO2)**
Willow (+SO2)*

*

#

Max vol%
50
94
75
64
65

Final EtOH
(vol%)
4.53
2.73
5.03
4.09
5.74

Gross yield
(%)
0.42
0.44
0.49
0.48
0.50

: pretreated in Italy (running project, not published data)
**: pretreated without (-) or with (+) SO2

Ethanol yields were comparable to data obtained in the literature on different
pretreated and hydrolyzed lignocellulosic substrates: on spruce ~0.40 g/g
(Persson et al., 2002), on wheat straw 0.43-0.46 g/g (Klinke et al., 2003) on
willow 0.41-0.46 g/g (Olsson et al., 1993; Palmqvist et al., 1996) ethanol yield
based on fermentable sugars have been reported. By increasing the concentration
of pretreated materials in the medium the molar ratio of EtOH/glycerol has been
increased (data not shown). This tendency was observed on all substrates,
however the degree of change has differed.
Glycerol is nontoxic to the yeast even at very high concentration. It plays a role
under anaerobic condition in the maintenance an intracellular redox balance as
glycerol production also results in the oxidation of NADH (Figure 3.17.).
Glycerol also acts as an osmotic regulator of the cell (Maiorella et al., 1984;
Albers et al., 1996). Some of the inhibitors like, acetic acid, furfural and HMF
were found to be stimulator in conversion of glucose to ethanol by S. cerevisiae
in a certain extent rendering both a higher EtOH yield and lower by-product
(glycerol) yield (Sárvári, 2001). Acetic acid has shown effect on growth
energetic, leading to an increased ethanol yield (Taherzadeh et al., 1997).
Palmqvist et al. (1999) have shown competition between furfural reduction and
glycerol production in favour for furfural reduction, thus cause more sugar
available for ethanol production. Furfural and HMF are known to be reduced by
yeast mainly to furfuryl alcohol (Palmqvist et al., 1999), 5hydroxymethylfurfuryl alcohol and slightly to 5-hydroxymethyl furan carboxylic
(Palmqvist et al., 1999; Taherzadeh et al., 2000). During fermentations
concentrations of HMF and furfural decreased (data not shown) and probably
have been reduced by yeast to furfuryl alcohol and 5-hydroxymethylfurfuryl
alcohol. On synthetic media ethanol yield was stimulated by acetic acid (6.4 g/l
(Larsson et al., 1999) and 10 g/l (Palmqvist, 1999)) in the absence of furfural
and also stimulated by furfural (2g/l) in the absence of acetic acid. However
7:
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when acetic acid and furfural were combined, the two compounds interacted
negatively (Palmqvist et al., 1999).

Glucose

Glucose-6-P
Furfural

Fructose-6-P

NADH

NADH

Glycerol

Glyceraldehyde-3-P

Furfuryl alcohol

3-P-Phosphoglycerate
Phosphoenolpyruvate
NADH

Pyruvate

Acetaldehyde

Ethanol

Biomass

Figure 3.17.

Simplified pathway for ethanolic fermentation of glucose to
ethanol.

Ethanol yields were rather high (in all cases above 0.42 g EtOH / g fermentable
sugars) considering that none of these experiments were made on real fibrous
substrate, only on filtrate, using added glucose as sugar component (according to
cellulose content). In order to test the real process, the glucose should be derived
from enzymatic treatment of the pretreated fiber material as performed in
simultaneous saccharification and fermentation (SSF) on the whole slurry. To
obtain the least 5(v/v)% ethanol concentration rather high (~20%) dry matter
concentration is needed Whereas usually further increasing the substrate
concentration than 15% of dry matter would result in reduced ethanol yield due
to insufficient mass transfer (Varga et al., 2004). High dry matter content could
be achieved applying nonisothermal SSF (Section 3.2.1.2.).
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Properly selected fermentation method also provides facilities for in-situ
detoxification, since some of the inhibitors are transformable by the yeast.
Taherzadeh (1999) has shown fed-batch fermentation to be a promising method
to ferment severely inhibiting hydrolysates, which could not be ferment by
traditional batch method. To achieve a successful fermentation feed rate is a very
important parameter. The optimum rate strongly depends on the characteristics
of the hydrolysates.
The fermentability of Saccharomyces cerevisiae ATCC 26602 yeast strain was
improved by adaptation to toxic components present in the pretreated
lignocellulosic materials (unpublished data). Adaptation procedures were also
performed on hemicellulose hydrolysate with added glucose in BAM6 module,
followed by online measuring of CO2 production (Section 2.4.). The
concentration (vol%) of the hemicellulose hydrolysate was continuously
increased in the fermentation broth and when the adaptation was succeeded,
fermentation was stopped during growing phase and the yeast cells were
separated, washed twice with demi water, harvested in demi water and re-used in
the next adaptation step. The scheme of the adaptation procedure on spruce is
shown in Figure 3.18.
Yeast cultivated on molasses

Spruce (60vol%)

Figure 3.18.

Spruce (60vol%)

Spruce (62vol%)

Spruce (62vol%)

Spruce (65vol%)

Scheme of the adaptation procedure

As can be seen from Figure 3.19. Saccharomyces cerevisiae ATCC 26602 could
be adapted to higher concentration of inhibitors on spruce matrix with 5.2 vol%
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final ethanol concentration, however this topic needs to be addressed in future
more detailed studies.
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Adaptation of S. cerevisiae ATCC 26602 on spruce
hemicellulose hydrolysate at 65vol%. Not adapted yeast (-),
adapted yeast (-).
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If the wastes – especially from the industry- are not managed properly it can
cause health and environmental risks. Landfilling is one of the most common
solutions. Even if the prevention of ground water contamination is solved, still
greenhouse gases generates, like methane and carbon dioxide. A valuable
product – humus - can be produced by composting wastes by microorganisms,
but some components, like heavy metals, in the waste could be present in a
concentration that compost could become undesirable for land application. For
reducing the amount of waste (controlled) combustion is the worth method,
because destroys resources for biorecycling. The enormous cost of investment an
incineration plant is only a possibility for large companies. Recycling of wastes
would be an effective management option, since supplies valuable products,
saves energy, reduce the need for landfill, emission of greenhouse gases and
water pollutants (van Wyk, 2001). Companies from various industrial sectors
have special responsibilities and tasks, according to their fields, in protecting and
developing the environment. This forces the companies to find new solutions.
Technologies for the production of valuable products would be attractive.
In Hungary approximately 50 000 tons of paper sludge is produced in paper
industry annually. Producing a value added product, from the cellulose present
in the paper sludge, could provide an economically more attractive option. This
study aimed to test this industrial waste next to corn stover, as a possible
feedstock for hydrogen and ethanol, as biofuel, production.
From this thesis the following main conclusions can be drawn:
" *+$ '& ,- !'("& "!% "&$ $ '&
1.

All the tested (hyper and extreme)thermophilic microorganisms
Thermotoga elfii, Thermotoga neapolitana, and Caldicellulosiruptor
saccharolyticus can grow and produce hydrogen on paper sludge
hydrolysate.

2.

The effect of additional medium components (yeast extract, trace
elements and salts) required for these microorganisms for growth and
optimal hydrogen production on paper sludge hydrolysate were studied
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in experimental series based on 23 factorial design in small serum
bottles.
During fermentations T. elfii produced a high amount of hydrogen, but
needed yeast extract to do so. As it is a halophilic bacterium, 1% NaCl is
also required.
T. neapolitana also produced high amount of hydrogen from paper
sludge hydrolysate, but only in the presence of salts in the medium.
C. saccharolyticus seemed to be less dependent on additional medium
components, as the hydrogen production on paper sludge hydrolysate
was not stimulated by the addition of yeast extract, salts or trace
elements.
3.

C. saccharolyticus was able to grow directly on paper sludge
hydrolysate on a larger scale under controlled conditions. The obtained
51% yield on paper sludge hydrolysate was 84% of the yield achieved
on control medium (glucose and xylose). Hydrogen production on lean
medium was comparable to fermentations on complete medium showing
that the requirements for other salts and trace elements are low.

" *+$ '& "$, &'+ "!% "&$ $ '&
1.

Commercially available baker’s yeast and the thermotolerant
Kluyveromyces marxianus were able to produce ethanol on paper sludge
in simultaneous saccharification and fermentation (SSF) process. There
were no significant differences observed between the two strains at 40
ºC, with a yield of 0.31–0.34 g ethanol/g cellulose. SSF with
temperature profiling (NSSF) was not resulted in higher ethanol yields.

2.

Saccharomyces cerevisiae ATCC 26602 was able to take part in ethanol
fermentation at low initial pH (pH4), which is necessary to avoid
bacterial contamination.

3.

Steam pretreated willow, spruce and corn stover, after proper
pretreatment, seem to be a possible substrate for economically profitable
industrial ethanol production with final ethanol concentration of 5vol%.
Impregnation with SO2 did not affect the applied microorganism, but
was found to be necessary to improve the recovery of hemicellulose.

4.

The inhibitor tolerance of the selected Saccharomyces cerevisiae ATCC
26602 could be improved with continuous adaptation on steam
pretreated spruce matrix. Under the same circumstances and inhibitor
concentrations, the adapted yeast was able to ferment 5vol% ethanol,
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while the original, non-adapted, yeast strain was unable for ethanol
fermentation at all.

&"!"
Fuels from lignocellulosic biomass could play an important role in the future
sustainable energy supply. Introduction of biofuels is attractive because it can
both reduce CO2 emission and the dependency on fossil fuels. Unfortunately the
competitiveness of biofuels compared to fossil resources is very low nowadays.
As long as biofuel production is more expensive than gasoline, government
support on developments and on other areas remains crucial. Moreover, no
renewable energy systems exist at the moment to have the potential to generate
more than a tiny fraction of the power now being generated by fossil fuels.
The future is up to us.
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A motorizált közlekedés, az áru- és személyszállítás a XX. században a
mindennapi élet részévé vált. Nemzetközi kapcsolatok, város és területfejlesztési
elképzelések, vállalati döntések, s t egyéni életstratégiák épülnek arra, hogyan
használhatók a gépjárm vek személy-, vagy teherszállításra. Kezdetben az
autóközlekedés el nyeihez, és tovagy r z kedvez hatásaihoz kétség sem
férhetett; az utóbbi években azonban megváltozott a helyzet. Az autó kezdi
kiszorítani az embert a városból, a nagyvárosok forgalma lelassul, a forgalmi
dugókban vesztegl autók a tömegközlekedésben utazókat is hátráltatják. A
gépjárm vek számának rohamos növekedésével együtt járó egyre nagyobb
légszennyezés napjainkban igen súlyos környezeti probléma, amely óriási
károkat okoz az emberi egészségben, a természeti és az épített környezetben
egyaránt. A XXI. század alapproblémája már a növekv energiaigények
kielégítése, miközben a rendelkezésre álló hagyományos energiaforrások
kimerül ben vannak, és alkalmazásukat egyébként sem min síthetjük
környezetbarátnak. A dolgozat témaválasztásának ez a két, igen lényeges
problémakör adja aktualitását, a továbbiakban ezeket ismertetem röviden.
Az olaj – egyel re - még nincs igazán fogytán. A világ „k olaj szomjúsága”
ugyanakkor folyamatosan n , hiszen olajból nem csak üzemanyag, hanem a
mindennapi életben használatos m szálas ruhák és m anyag tárgyak is
készülnek. Azonban ha a kereslet ilyen ütemben n tovább (ez ma napi 80 millió
hordó), akkor a hagyományos, könnyen hozzáférhet olaj kitermelése el bb
tet zni, majd csökkenni fog. A globális olajtermelés el bb – utóbb tehát eléri a
maximumát, s akkor jóval nehezebb lesz kielégíteni a keresletet. Azt a
keresletet, amely csak Kínában egyes becslése szerint 2025-re akár a napi 10
millió hordó is lehet. Némileg segíthet az újabb, ún. nem konvencionális
források, például a kanadai olajhomok, olajpala, mélytengeri olaj kiaknázása, ám
ez költséges és kitermelésükhöz - amely néhány esetben környezetromboló is jelent s befektetés szükséges. Szakért k szerint olajhiány esetén az olaj tartósan
megdrágul és megrendíti a világgazdaságot. Mindenki tisztában van azzal, hogy
az olajkitermelés valamikor eléri a csúcsát, de bekövetkezésének idejér l
megoszlanak a vélemények Természetesen az olajforrások nem hirtelen fognak
elt nni, hanem lassan apadnak majd el. Alternatív lehet ségek már léteznek
(nap-, szélenergia, üzemanyagcellás járm vek, bioüzemanyagok), azonban ezen
alternatívák kidolgozása, megvalósítása sem pillanatszer folyamat. Az id tehát
igenis szorít minket……

A Föld felszínének átlagh mérséklete az elmúlt században folyamatosan
emelkedett. Ez a folyamat az 1970-es évekt l kezdve egyértelm en kimutatható,
de az utóbbi tíz–tizenöt évben különösen feler södött. A tömegtermelés
elterjedésével, a populáció növekedésével, a fosszilis energiahordozók
használatával az atmoszférába egyre több gáz került. Ezeknek az ún.
üvegházhatású gázoknak köszönhet , hogy Földünk nem hideg pusztaság,
hiszen ez a rendszer tartja melegen. A probléma akkor kezd dött, amikor a
modern kor embere nagy mennyiségben kezdett fosszilis eredet (szén, k olaj,
földgáz) energiahordozókat - egyre növekv igényei kielégítésére - elégetni.
Ezzel drasztikusan növelte a leveg szén-dioxid (CO2), dinitrogén-oxid, metán,
halogének és egyéb üvegházhatású gázok tartalmát. A légköri CO2
koncentrációja száz év alatt 30 %-kal lett magasabb, amely globális
felmelegedéshez, éghajlatváltozáshoz vezethet/vezetett. Ezt bizonyítja, hogy az
átlagos h mérséklet és a maximum h mérsékletek alapján hazánkban, 2003-ban
volt az elmúlt 100 év legmelegebb májusa és júniusa, de a globális szárazföldi és
tengerszíni h mérsékletek átlaga is 2003 májusában volt a második legmagasabb
1880 óta.
A probléma megoldására nemzetközi egyezmények születtek, amelyek a légkör
szén-dioxid koncentrációjának szabályozását célozzák meg. Az 1992-ben, New
Yorkban elfogadott, és Rio de Janeiróban aláírt ENSZ Éghajlatváltozási
Keretegyezmény alapvet célkit zése, az emberi tevékenységb l a légkörbe
kerül üvegházhatású gázok kibocsátásának csökkentése, amelynek szigorítása
az 1997-es Kiotói Egyezmény. A jegyz könyv értelmében 38 ország vállalta a
kibocsátások (1990-es szintre vonatkoztatott) 5,2%-os átlagos csökkentését, a
2008-2012 közötti id szakra. Ebb l az Európai Unió (EU) tagállamai együttesen
8%-os csökkentést vállaltak. Az EU igyekszik teljesíteni kiotói vállalásait, ezért
2005 januárjától elindult az uniós kibocsátási kvótakereskedési rendszer, az
európai éghajlat t zsde (ECX, European Climate Exchange). Magyarország
hatféle üvegházhatást fokozó gáz 6%-os csökkentését vállalta 2010-ig az 198587-es érték átlagkibocsátásának szintjér l. Jelenleg az ipar és vele együtt az
energiafogyasztás jelent s visszaesése miatt még nem jelent túlzott nehézséget a
kiotói egyezmény szerinti emissziós szint betartása.
A szén-dioxid kibocsátás csökkentése, a meglév energiakészletekkel való
takarékoskodás érdekében azonban elengedhetetlen az energiatermelés megújuló
energiaforrásokból származó hányadának növelése. Az Európai Unió ezért
kötelezte magát, hogy tagállamaiban, a megújuló energia részesedését a teljes
energia-felhasználásban, 2010-ig, a jelenlegi 6%-os szintr l 12%-ra növeli.
Mindkét, a disszertáció 1.1. fejezetében részletesen ismertetett, problémakörre
megoldást jelenthet az alternatív üzemanyagok használata, hiszen
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alkalmazásukkal a légkörbe kerül
gázok koncentrációja jelent sen
csökkenthet , akárcsak a k olajtól való függ ség is. Az alternatív
motorhajtóanyag-kutatások a robbanómotorok feltalálásával egyid sek. A
kísérletek a fejlett ipari országokban, a ’70-es évek elején, a k olajválság
hatására felgyorsultak. Ekkor hatalmas er feszítéseket tettek lehetséges
nyersanyagok és módszerek felkutatására. Az olaj árának csökkenésével
egyidej leg az alternatív üzemanyagok kutatása háttérbe szorult. Az 1990-es
években aláírt nemzetközi egyezmények, amelyek az üvegházhatású gázok
kibocsátásának csökkentését, és a megújuló energiaforrások használatának
növelését célozták meg, új utat nyitottak az alternatív energiahordóznak. A
megújuló üzemanyagok közlekedésben történ
felhasználását ösztönz
2003/30/EC direktíva el írja a tagállamok – így Magyarország számára is – a
kötelez en megvalósítandó stratégiát és célkit zést. A 2003/30/EC direktíva
célja, hogy gondoskodjon egy közösségi keretfolyamatról, amely el mozdítaná a
közösségen belül a közlekedésbe szánt bioüzemanyagok használatát. Az irányelv
kötelezettséget fogalmaz meg arra vonatkozóan, hogy 2005-t l a
bioüzemanyagok az eladott üzemanyag mennyiség legalább egy minimális
részét (2005-re 2%, 2010-re pedig 5,75%) képezzék. A megvalósítás módját, és
az ehhez kapcsolódó törvényi kidolgozást a tagállamokra bízza.
A lehetséges bioüzemanyagok közül a dolgozat 1.2. fejezetében részletesen
foglalkoztam a hidrogén és az alkohol, mint üzemanyag használatának
történetével, összefoglaltam a lehetséges el állítási technológiákat, és kiemelten
foglalkoztam azokkal a fermentációs eljárásokkal, amelyeket kísérleti munkám
során használtam. A hidrogént nem véletlenül nevezik a jöv üzemanyagának,
hiszen hidrogénb l égetés során nem keletkezik káros égéstermék, mert a leveg
oxigénjével vízzé oxidálódik. Környezeti hatása nagyon kedvez nek mondható,
ám az el állításának ma alkalmazott módozatai olyan nagy mennyiség fosszilis
energiahordozó
felhasználását
igényli,
hogy
az
ebb l
adódó
környezetszennyezés mértéke szinte ugyanakkora, mint ami a hagyományos
motorokból származik. A jelen bioüzemanyagának is tekinthet etilalkohol
el nyös égési tulajdonságainak és magas oktánszámának köszönhet en mind
tisztán, mind pedig különböz arányban benzinhez keverve, felhasználható
gépjárm vek üzemanyagaként. Nemzetközi tapasztalatok azt mutatják, hogy 520% közötti arányban keverhet a benzinhez anélkül, hogy a motor
teljesítménye csökkenne, és a motort ill. az üzemanyag ellátó rendszert át
kellene alakítani.
Cukor és keményít tartalmú terményekb l (cukorrépa, kukorica, búza,
burgonya) nagyüzemi technológiák állnak rendelkezésre, míg a cellulóz tartalmú
melléktermékek, hulladékok hasznosítása területén még a kutatás fázisában
vagyunk. Azokon a területeken, ahol a felsorolt, növények megfelel volumen

termeszthet sége nem megoldott, ott alapanyagként els sorban a magas cellulóz
tartalmú szerves anyagokat (lignocellulózokat) vehetjük számításba. Ezek olyan
növényi eredet anyagok, amelyek lignint és szénhidrátot (cellulózt,
hemicellulózt) tartalmaznak (1.3. fejezet): pl. a mez gazdasági melléktermékek
és hulladékok (kukoricaszár, gabonafélék szalmája), a különböz erdei termékek
(puha és kemény fák), vagy ezek feldolgozásának hulladékai (gallyak,
f részpor), az ipari hulladékok (papíriszap), illetve a kommunális hulladékok
(újságpapír) – összefoglaló néven biomassza. Jelenleg is számos szakember
foglalkozik a meglév biomassza készletek feltárásával, a melléktermékek és
hulladékok összegy jtési-, szállítási- és tárolási problémáinak megoldásával,
megfelel en hatékony technológiák kidolgozásával.
Egy energiaforrásokban szegény országnak, így Magyarországnak is fontos,
hogy felfigyeljen a kínálkozó új lehet ségekre, és hasznosítsa azokat, hiszen
energiaellátása függ a külvilágtól, a világpolitikai és világgazdasági
körülmények változásaitól. A megújuló források közül jelenleg a biomasszától
várható a legjelent sebb hozzájárulás energiaigényünk fedezésére.
Magyarország jelenleg energiafelhasználásának kétharmadánál is többet fedez
importból, amely az igények növekedésével és a hazai források folyamatos
kimerülésével még tovább n . Magyarországon a mez - és erd gazdálkodásban,
az els - és másodlagos fafeldolgozásban, változó formában és nagy tömegben
keletkeznek biológiai eredet melléktermékek és hulladékok. Ezek a
maradványok, szakszer tlen kezelés esetén, potenciális környezetszennyez k - a
földeken hagyott, benedvesedett, befülledt rothadó anyagok rontják a talaj és a
víz min ségét, a bel lük keletkez gázok pedig a légteret szennyezik ugyanakkor értékes másodnyersanyagok, energiahordozók. Magyarországon,
éghajlati adottsága miatt, els sorban gabonanövény- és kukoricatermelés folyik,
melyb l minden évben hatalmas mennyiség hulladék keletkezik (szalma,
kukoricaszár). A megtermelt szalma (szár) azon része hasznosítható energetikai
célra, amely az állattartásra, az ipari felhasználásra és a talajer pótlására
el irányzott mennyiség levonása után megmarad. Kukoricaszárból évente
körülbelül ötször annyi keletkezik, mint Budapest éves kommunális hulladéka.
Ez számszer leg 12·106t-t jelent.
Magyarországon tehát nagy mennyiségben keletkezik biomassza és az EU
csatlakozás után a mez gazdaság élelmiszer célú termeléséb l kivett
földterületein lehet ség, nyílna energia használatra ültetvényeket létesíteni.
Ebb l van a legnagyobb potenciál és nem utolsósorban a növények növekedésük
során széndioxid-nyel ként m ködnek. A biomassza széndioxid semleges, mivel
a növények növekedésük érdekében létrejöv fotoszintézissel a leveg
széndioxidját használják fel és tüzelésekor csak a növekedésük során felvett
szenet adják vissza a leveg nek, nem úgy, mint a fosszilis tüzel anyagok (szén,
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k olaj, földgáz), amelyek több millió évvel ezel tt lekonzerválódott szenet
bocsátanak ki égetésük során. A Magyarországon keletkez , megújuló
üzemanyag el állítására használható ipari-, és mez gazdasági melléktermékeket
és hulladékok, illetve azok mennyiségét a disszertáció 1.3. fejezetében
ismertetem.
Kutatómunkám f célja (1.4. fejezet) volt annak megállapítása, hogy a
Magyarországon nagy mennyiségben keletkez
ipari (papíriszap) és
mez gazdasági hulladékok (els sorban kukoricaszár) felhasználhatók-e
nyersanyagként, hidrogén, illetve alkohol, mint üzemanyag fermentációs úton
történ el állításához.
A kísérletek során felhasznált nyersanyagokat, mikroorganizmusokat,
enzimkészítményeket és fermentációs módszereket a dolgozat 2. fejezetében
foglaltam össze. A részletes kísérleti körülményeket a függelékként csatolt
cikkekben találja meg az olvasó.
A megjelent publikációkat mellékelve az ott bemutatott eredményekre
hivatkozva csak a lényeget kiemelve ismertetem a disszertáció 3. fejezetében a
kísérleti munkát. Mivel kutatásaim során kétféle bioüzemanyag el állításának
lehet ségével foglalkoztam, ezért e fejezetet további két alfejezetre osztottam. A
3.1. fejezet a hidrogén fermentációs, míg a 3.2. fejezet az alkohol fermentációs
kísérleteket tartalmazza.
A 3.1.1. fejezet az anaerob szérum üvegekben végzett kísérleteket mutatja be,
amelyeknek célja volt egyrészt a (hiper)termofil mikroorganizmusok a
Thermotoga elfii, Thermotoga neapolitana és a Caldicellulosiruptor
saccharolyticus hidrogén termel képességének tesztelése papíriszapon,
másrészt a tápanyag igény egy 23 típusú teljes faktoros kísérleti tervben történ
vizsgálata, amelyben, a táptalajban jelenlév sók, nyomelemek és éleszt extrakt
hidrogéntermelésre kifejtett hatásait vizsgáltam. Pontos hidrogén hozamok és
meghatározása érdekében a kísérleteket fermentorban, kontrollált körülmények
között folytattam (3.1.2. fejezet). A hidrogén fermentációs kísérleteket az
Agrotechnological Research Institute-ATO B.V. (napjainkban Wageningen UR,
Agrotechnology & Food Innovations) Department of Bioconversion tanszéken
folytattam (Wageningen, Hollandia).
A papíriszapon végzett alkohol fermentációs kísérleteket a Budapesti M szaki és
Gazdaságtudományi Egyetem Mez gazdasági Kémiai Technológia Tanszékén
végeztem. Az SSF (Simultaneous Saccharification and Fermentation) kísérletek
célja volt az általánosan használt pékéleszt (Saccharomyces cerevisiae) és az
ún. termotoleráns Kluyveromyces marxianus törzs tesztelése ezen az ipari

mellékterméken, illetve a legmagasabb alkohol hozam elérése és az ennek
növelésére tett ún. NSSF (Nonisothermal SSF) kísérletek, amely eredményeket a
dolgozat 3.2.1. fejezetében foglaltam össze.
További alkohol fermentációs kísérleteket g zrobbantással el kezelt
kukoricaszáron, feny -, illetve f zfán (3.2.2. fejezet) a hollandiai Royal Nedalco
(Bergen op Zoom) alkoholgyárban végeztem. Ezen kísérletek célja volt az
el kezelt, inhibitorokat tartalmazó szubsztrátok tesztelése egy ún. BAM-6
modulban inhibitor rezisztens éleszt törzzsel, alacsony pH-n.
Az értekezés új tudományos eredményeit a dolgozat 4. fejezetében
tézispontokba szedve ismertetem:
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1.

Megállapítottam, hogy a Magyarországon nagy mennyiségben keletkez
papíriszap, enzimes kezelést követ en alkalmas szubsztrát lehet hidrogén
el állítására mindhárom vizsgált termofil mikroorganizmus (Thermotoga
elfii, Thermotoga neapolitana, Caldicellulosiruptor saccharolyticus)
felhasználásával.

2.

Tanulmányoztam a mikroorganizmusok tápanyag igényét egy 23 típusú
teljes faktoros kísérleti tervben, amelyben, a táptalajban jelenlév sók,
nyomelemek és éleszt extrakt hidrogéntermelésre kifejtett hatásait
vizsgáltam és a következ következtetéseket vontam le: A halofil
mikroorganizmusok (Thermotoga elfii, Thermotoga neapolitana) hidrogén
termel képességét jelent sen befolyásolja a sók, illetve az éleszt extrakt
jelenléte a táptalajban, míg a C. saccharolyticus papíriszap hidrolizátumon
történ hidrogén termelését mindezen komponensek szignifikánsan nem
befolyásolják

3.

A C. saccharolyticus-t 2 literes bioreaktorban, kontrolált körülmények
között, papíriszapon szaporítva is sikerült hidrogént termelni. Az itt elért
51%-os hozam 84%-a a kontrol fermentációban (glükóz és xilóz elegye)
mértnek.
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1.

Megállapítottam, hogy mind a pékéleszt (Saccharomyces cerevisiae),
mind a h t r Kluyveromyces marxianus képes 40˚C-on 0.31-0.34 g
etanol/g cellulóz hozammal etanolt fermentálni papíriszapon. A h t r K.
marxianus a vizsgált h fokon és körülmények között nem bizonyult
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jobbnak, mint a S. cerevisiae. A hozam emelésére tett kísérlet,
úgynevezett
h mérséklet
szabályozott
SSF
(NSSF)
eljárás
alkalmazásával, nem járt eredménnyel.
2.

Megállapítottam, hogy a Saccharomyces cerevisiae ATCC 26602 törzs,
üzemi termelés esetén, a bakteriális befert z dés megakadályozására
alkalmazott alacsony pH-án (pH4) is képes alkohol fermentációra
g zrobbantással el kezelt lignocellulózokon.

3.

Kimutattam, hogy g zrobbantással el kezelt lignocellulózokból,
megfelel el kezelés esetén, inhibitor rezisztens mikroorganizmussal
(Saccharomyces cerevisiae ATCC 26602) végzett fermentáció során
elérhet a gazdaságos, ipari méret alkohol desztillációhoz szükséges
5tf%-os végs etanol koncentráció. Az el kezelés során használt SO2 nem
befolyásolja negatívan a fermentációt, ugyanakkor az el kezelés
hatékonyságát növeli.

4.

Megállapítottam, hogy a kiválasztott éleszt törzs inhibitor t rése
folyamatos adaptációval javítható g zrobbantással el kezelt feny fán. Az
adaptált éleszt vel elért végs alkohol koncentráció meghaladta a kívánt
5tf%-os koncentrációt, míg ugyanazon körülmények, ugyanazon inhibitor
koncentráció mellett a S. cerevisiae ATCC 26602 törzs, adaptáció nélkül,
etanol fermentációra képtelen volt.
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