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ABSTRACT 

 
 
The production of fuel ethanol from cellulosic biomass is of growing interest around 
the world. Lignocellulosic residuals can be used to produce transportation fuel, with 
the overall process having little net production of greenhouse gases. Lignocellulosic 
materials are available as a by-product of many industrial processes and agricultural 
materials, or can potentially be produced from dedicated energy crops. The 
production of ethanol from lignocellulosic materials includes hydrolysis which breaks 
the cellulose and hemicellulose polymers to fermentable sugars, followed by 
cultivation which converts the sugars into ethanol, and finally a separation process 
where ethanol purification is carried out to produce fuel ethanol. However, some by-
products such as furan compounds are released during chemical hydrolysis and inhibit 
the yeast during cultivation.  
 
This work contributes a solution to overcome these problems especially for a 
continuous process which is economically superior. Hydrolyzate detoxification using 
lime (‘overliming’) in concert with the capability of yeast to carry out in-situ 
detoxification is focused upon in the work. The kinetics of the overliming process 
were studied, where both sugars and furan compounds are degraded through a 
formation of complex ion. The sudden addition of lime in a batch process shows 
severe degradation of sugars together with furan compounds. This knowledge leads to 
development of a continuous detoxification process where gradual addition of lime 
can save 25% of the initial sugar with similar detoxification effects under certain 
conditions.  
 
Cell immobilization and cell flocculation have been studied to develop a high cell 
density system. High cell density is effective in carrying out in-situ detoxification. 
This study shows a good combination of continuous detoxification and cell 
immobilization where continuous ethanol production of 5.14 g/L·h can be carried out 
at a high feeding rate of 0.648 h-1. In addition, the application of a serial bioreactor 
has been found to increase the utilization of substrates. A gain in substrate 
assimilation of 11.6% has been achieved when using a serial bioreactor at residence 
time of 2.32 h. Furthermore, a cell flocculating system has been studied and 
developed. In a steady-state condition, the cell flocculation system could cultivate 
fresh hydrolyzates at a high feeding rate of 0.52 h-1 without any additional chemical 
detoxification, while sugar assimilation and ethanol productivity were 96% and 7.4 
g/L·h respectively.  
 
In conclusion, this study proposes a concept of rapid continuous production of ethanol 
where inhibitory obstacles can be overcome by chemical detoxification and/or in-situ 
detoxification by yeast.  
 
 
Keywords: ethanol, dilute-acid hydrolyzate, furfural, HMF, overliming, continuous 
detoxification, S. cerevisiae, immobilization, flocculating yeast, continuous 
cultivation, serial bioreactor. 
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1. INTRODUCTION 
 
 

1.1 Motivation 

 
 
In 1895, a famous Swedish chemist, Svante Arrhenius, presented a paper to the 
Stockholm Physical Society titled On the Influence of Carbonic Acid in the Air upon 
the Temperature of the Ground, in which he argued that the use of fossil fuel for 
combustion would lead to global warming (Hoffert et al., 2002; Somerville, 2006). 
Although he was right, the widespread availability of inexpensive petroleum during 
the 20th century seemed to disregard this theory. Today the earth must deal with the 
consequences of global climate change and somehow meet expanding energy needs 
while limiting greenhouse gas emissions. The Kyoto Protocol to the United Nations 
Framework Convention on Climate Change (UNFCCC), agreed upon in December 
1997, marks an important turning point in efforts to promote the use of renewable 
energy worldwide, thus the developed countries are supposed to decrease their net 
emission of CO2 (Demirbaş, 2004). Consequently, fossil fuel, which is mainly used in 
transportation sector, should be replaced with non- or less-emitted CO2 fuels.  
 
An alternative to reduce greenhouse gases is replacing fossil fuels with fuels 
generated from renewable resources. Ethanol is a renewable fuel which can be used as 
sole fuel or blended with gasoline. Although recently ethanol has been produced 
mainly from crops, there is great interest in utilizing cheaper lignocellulosic materials 
as a feedstock for ethanol production. Lignocellulosic material is known as an 
abundant, renewable and widely available resource. 
 
The hemicelluloses and celluloses in lignocellulosic materials are broken down into 
fermentable sugars by hydrolysis (Sun and Cheng, 2002). Enzymatic hydrolysis is a 
possible hydrolysis process. Although this is a good method to break down 
lignocellulosic materials, the time-consuming process and rather high enzyme cost 
still hinder this method from becoming available in commercial use (Torget et al., 
2000). Alternatively, acid hydrolysis is an easy and cheap method to derive sugars 
from lignocellulosic materials. However, this fast hydrolysis is also followed by other 
side-reactions which produce various by-products. Some of the by-products are toxic 
to yeast Saccharomyces cerevisiae, a common microorganism used for ethanol 
production (Olsson and Hahn-Hägerdal, 1996).  
 
A huge ethanol demand will come in the near future, forcing the ethanol production to 
be fast and have high capacity. The continuous process is the suitable method for 
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large scale production. This technique also has economic advantages due to lower 
investment and operating cost.  
 
The current work is dedicated to finding out the possibilities and optimal technique 
for cultivating dilute-acid hydrolyzates at a high rate. A dilution rate of 0.5 h-1 was a 
target to be achieved at the starting point of the work and the investigation includes 
studies of the detoxification process as well as continuous fermentation techniques.  
 
 

1.2 Outline 

 
 
The thesis consists of six chapters. The first two chapters describe the motivation and 
background of this research. Descriptions of ethanol as a fuel in relation to the 
combustion in motor engines, as well as the environmental impact caused by the use 
of ethanol as a fuel, are given in Chapter 2. The hydrolysis of lignocellulosic materials 
which are useful as feedstock for ethanol production in the near future is also 
reviewed in this chapter. In addition, inhibitors and inhibition mechanisms of by-
products released during acid hydrolysis is reviewed. Chapter 3 describes the 
materials and methods used in the work including hydrolyzates, yeast, detoxification 
and fermentation. Detoxification is the main topic of Chapter 4. Here, the kinetics of 
detoxification by lime and its application in continuous detoxification were discussed. 
Chapter 5 discusses fermentation techniques. The chapter covers the possibility of 
yeast to carry out in-situ detoxification, as well as fermentation using cell 
immobilization and cell recirculation techniques. Moreover, the advantages of a serial 
bioreactor in hydrolyzate cultivation are discussed. Finally, conclusions and 
suggestions for future studies are presented in Chapter 6.  
 
An overview of the chapters in relation to the publications attached in this thesis is 
presented in Table 1.1. 
 
 
 
Table 1.1. Relation of the chapters to the publications. 

Chapter Subject Papers 

3 Methodology I, II, III, IV 

4 Inhibition and Detoxification II, III 
5 Rapid Ethanol Production II, III, IV 
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2. BIOETHANOL FROM LIGNOCELLULOSE 
 
 

2.1 Bioethanol  

 
 
Ethanol or ethyl alcohol (CH3CH2OH) is an important organic chemical because of its 
unique properties, and therefore can be used widely for various purposes. Under 
ordinary conditions, ethanol is a volatile, flammable, clear, colorless liquid, miscible 
in both water and non-polar solvents.  
 
The production of ethanol has two routes: synthetic and biological. The synthetic 
ethanol production is commonly carried out by a catalytic hydration of ethylene in 
vapor phase and often as a by-product of certain industrial operations (Logsdon, 
2006). The ethanol produced from this process is mostly used as a solvent (60%) and 
chemical intermediate (40%). Fermentative ethanol production accounts for 93%* of 
the total ethanol production in the world. The ethanol is produced from fermentation 
of sugars extracted mostly from crops. Saccharomyces cerevisiae is the most popular 
microorganism used for ethanol production due to its high ethanol yield and high 
tolerance to rather high ethanol concentration. The ethanol produced is mostly used as 
fuels (92%); industrial solvents and chemicals (4%), and beverages (4%) (Logsdon, 
2006).  
 
Crops are the main feedstock used for ethanol production nowadays. Brazil is the 
largest ethanol producer with a capacity of 15.5 Giga-L (in 2004) and uses sugar cane 
as feedstock, while the USA in second place (12.9 Giga-L) uses corn as feedstock 
(Rosillo-Calle and Walter, 2006). However, these crops are also food for human and 
animals, thus the expansion of production capacity, especially as ethanol becomes a 
worldwide alternative fuel, is limited by supply of the feedstock. In contrast, cheap 
abundant lignocellulosic materials in the form of agricultural and forestry wastes as 
well as municipal and industrial wastes are available as alternative feedstock for 
ethanol production. Therefore, the use of lignocellulosic materials for ethanol 
production is very promising.   
 
In this chapter, ethanol as fuel and lignocellulosic material as feedstock for ethanol 
production are in focus. The first part discusses the advantages of ethanol as fuel in 
regard to combustion as well as to its environmental impact, while the second part 
discusses the structure of lignocellulosic materials, followed by the hydrolysis process 
                                                 
 
*  Data were retrieved from http://www.distill.com/berg/  
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which breaks down of lignocellulosic to obtain fermentable sugars. Furthermore, 
inhibition caused by inhibitors released during acid hydrolysis is also discussed. 
 
 

2.1.1 Ethanol as fuel 

 
The use of ethanol as fuel goes back to the origin of the use of vehicles itself. For 
example, Henry Ford’s Model T, built in 1908, ran on ethanol. It was continued until 
the availability of cheap petrol effectively killed off ethanol as a major transport fuel 
in the early part of the 20th century. The energy crisis of the 1970s renewed interest in 
ethanol production for fuels and chemicals. Although the interest waned in the 
following decade due to oil price abatement, the environmental issue of reducing 
greenhouse gas, rising vehicle fuel demand, and the security of energy supply sustain 
the development of ethanol production from renewable resources.  
 
Ethanol is used in vehicles either as a sole fuel or blended with gasoline. As an 
oxygenated compound, ethanol provides additional oxygen in combustion, and hence 
obtains better combustion efficiency. The physicochemical properties of some 
oxygenated high-octane additives are shown in Table 2.1. Since the completeness of 
combustion is increased by the present of oxygenated fuels, the emission of carbon 
monoxide is reduced by 32.5% while the emission of hydrocarbons is decreased by 
14.5% (Rasskazchikova et al., 2004). In addition, the emission of nitrogen oxides is 
reduced by using ethanol as additive.  
 
 
Table 2.1. The physicochemical properties of some oxygenated high-octane additives 
to gasoline*.  

Oxygenates  
Properties Gasoline 

Methanol Ethanol MTBE 
Density at 15.56°C, kg/m3 719-779 794 792 742 
Heat, kJ/kg     
   Combustion (lower) 41,800-44,200 19,934 26,749 35,123 
   Evaporation ~ 349 1104 839 326 
Flash point, °C -42.8 6.5 12 -28 
Octane number     
   Research (RON) 90-100 107 108 116 
   Motor (MON) 81-90 92 92 101 
Reid vapor pressure, kPa 55-103 32 16 54 
 
 
Methyl-tertiary-butyl-ether (MTBE) has properties similar to those of gasoline, but a 
higher octane number, and therefore is very suitable for high-octane additive. 
However, MTBE is reportedly responsible for groundwater pollution as a result of 
                                                 
 
*  Adopted from “Properties of Fuels” which available at http://www.eere.energy.gov/   
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e.g. leaking underground tanks. Low levels of MTBE can make drinking-water 
supplies undrinkable due to its offensive taste and odor*. MTBE has higher water 
solubility compare with other gasoline constituents, thus is rather difficult to purge 
from ground water (Rong, 2001). Moreover, biodegradation of MTBE needs a lot of 
oxygen which is almost impossible to carry out naturally in ground water. The use of 
methanol as oxygenated is limited, or in many countries prohibited, due to its high 
toxicity, volatility and hygroscopic behavior. Ethanol has become more competitive 
as an oxygenated fuel especially because ethanol is produced from renewable 
resources by fermentation, resulting in less dependency on fossil fuel. Moreover, 
ethanol is less hygroscopic, contains a reasonable heat of combustion, has lower 
evaporation heat and, most importantly, is not toxic like methanol. In addition, 
acetaldehyde as a product of partial oxidation of ethanol in the exhaust gas of vehicles 
is much less toxic than formaldehyde, which is formed when using methanol.  
 
As a high-octane additive, ethanol has drawbacks: emitting acetaldehyde of 2-4 times 
as much as does gasoline; highly corrosive, which is a function of water content; a 
negative effect on rubber and plastic; and the blend with gasoline tends to separate in 
the presence of traces of water (Rasskazchikova et al., 2004). Fortunately, these 
drawbacks have been overcome. An additional 5% of water in a blend of ethanol and 
gasoline can reduce the emission of acetaldehyde. Furthermore, stabilizers like higher 
alcohols, fusel oil, aromatic amines, ethers or ketones are useful to prevent separation. 
For example, 2.5-3% of isobutanol stabilized the gasoline-ethanol blend in the 
presence of 5% water at low temperature of -20°C.  Some corrosion inhibitor such as 
hydroxyethylated alkylphenols and alkyl imidazolines can attain essential 
anticorrosion resistance. Additionally, polymer industries have developed special 
materials that are resistant to penetration of alcohols (Rasskazchikova et al., 2004).     
 
 

2.1.2 Environmental impact  

 
 
The main environmental advantages of fuel ethanol are its sustainability in using a 
renewable resource as a feedstock, thus promoting independence of fossil fuel, and 
maintaining the level of greenhouse gas (CO2). Carbon dioxide in the atmosphere is 
assimilated through photosynthesis and metabolized to be a building block of plants. 
The energy of sunlight is used to make carbohydrates stored in crops and in the whole 
plant body. While crops are useful as energy sources for human and animals, some 
crops like starch- or oil-containing crops can be converted to fuels or chemicals. 
Combustion of these fuels produces CO2 gas which would be assimilated again by 
plants. In total, almost no net CO2 is produced by using fuels generated from biomass 
(Fig. 2.1).  
 

                                                 
 
*  Summarized from http://www.epa.gov/mtbe/faq.htm  
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How effectively ethanol reduces greenhouse gas emission has been widely discussed. 
The issues are mainly related to the net energy content in ethanol, and depend on the 
assumption of ethanol production routes. A number of life-cycle assessments have 
been studied, and show that a change from fossil fuel to biofuels could reduce CO2 
emission by factor of 1/2 to 1/5, depending on how significant the use of renewable 
fuels is at all stages in the process (Bernesson et al., 2006; Hu et al., 2004; Kadam, 
2002; Kim and Dale, 2005; Rosillo-Calle and Walter, 2006; von Blottnitz and Curran, 
2006). Even though a couple of reports claim that ethanol production from corn gives 
negative net energy content, i.e. that the amount of energy required to produce ethanol 
exceeds the energy contained in ethanol itself, more reports claim that ethanol has 
positive net energy content (Farrell et al., 2006; Kim and Dale, 2005). The net energy 
content of ethanol is reported as 2.5-8 MJ/L which is related to 60-100 g CO2 
emitted/MJ-ethanol energy (gasoline has almost zero net energy and about 95 g CO2 
emission/MJ-gasoline energy). In addition, Farrell et al. (2006) developed the 
“Energy and Resources Group (ERG) Biofuel Analysis Meta Model” (EBAMM) to 
predict net energy and GHG emission of ethanol produced from cellulosic material, 
and reported that those values are 23 MJ/L and 10 g CO2 emission/MJ-ethanol energy 
respectively. Although it is still a theoretical calculation, the results give a promising 
application in the use of cellulosic material as feedstock for ethanol production to 
provide a sustainable energy resource in concert with reducing greenhouse gas 
emission.   
 

 

Fig. 2.1. The schematic diagram of carbon-cycle  
in the use of ethanol for fuels and chemicals 

 
 
Ethanol is harmless to the environment. In ground water and soil mixtures, ethanol 
can be rapidly degraded both aerobically (100 ml/L in 7 days) and anaerobically (100 
mg/L in 3-25 days) (Armstrong, 1999). Ethanol in surface water is also rapidly 
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degraded and thus not harmful to the biotope as long as it is not present in 
concentrations directly toxic to microorganisms. The half-time of ethanol in surface 
water is 6.5 to 26 hours.  While ethanol releases volatile organic compounds (VOC) 
due to its low vapor pressure, degradation of ethanol in the atmosphere is also 
predicted to be rapid.  
 
Exposure of humans to ethanol is harmless. The exposure may be carried out mostly 
by inhalation of ethanol vapor as VOC, and by body contact or, rarely, ingestion from 
either blended fuel or denatured fuel. Biological exposures and responses to ethanol 
are typically evaluated in terms of blood ethanol concentrations (BEC). The 
endogenous level is 0.02-0.15 mg/dL while the legal limit for vehicle drivers is 80-
100 mg/dL (Armstrong, 1999). The occupation standard for ethanol in the air is 1000 
ppm (1900 mg/m3) on an eight-hour basis. Above this standard concentration, ethanol 
vapor causes eye and upper respiratory tract irritation, fatigue, headache and 
sleepiness. In practice, this level is far above actual conditions; for instance, the 
average ambient level in air in the city of Porto Alegre, Brazil, where 17% of the 
vehicles run entirely on ethanol, is 12 ppb (0.023 mg/m3) (Armstrong, 1999).  
 
In addition, Massad et al. (1985) studied the potential health effects of gasoline and 
ethanol engine exhaust fumes. He concluded that the acute toxicity of the exhaust gas 
of a gasoline-fueled engine is significantly higher than that of an ethanol-fueled 
engine.   
 
 

2.1.3 The market 

 
The interest in fuel ethanol on a global scale has been growing in the past few years 
due to a combination of factors including environmental, social and energy security 
issues. Currently, world production and consumption are dominated by Brazil and the 
USA, which are responsible for 70% of world production with 15.3 and 12.9 billion 
liters (GL), respectively (Rosillo-Calle and Walter, 2006). In addition, more than 30 
countries have already introduced, or are interested in introducing, programs for fuel 
ethanol (e.g. Australia, Canada, Colombia, China, India, Mexico and Thailand).  
 
Brazil produces ethanol from sugar cane and has used it as a fuel since 1975, when 
Brazilian Alcohol Program (PROALCOOL) started with the purpose of using ethanol 
for blending with gasoline. Furthermore, after the second oil crisis, the production 
was expanded to include hydrated ethanol to be used as neat fuel in modified engines. 
It resulted in a rapid expansion of sugar cane production from 50 Mt/year in 1970 to 
380 Mt/year in 2004 along with improving productivity from 4,200 L/ha/year to 6,350 
L/ha/year respectively (Rosillo-Calle and Walter, 2006).  
 



 8 

The USA is the world’s fastest-growing fuel ethanol market, representing a twofold 
increase in the last 4 years*. The main producers are the states of Iowa, Illinois, 
Nebraska, South Dakota and Minnesota with 82% of the national production in 2004. 
The main feedstock for ethanol production is corn and ethanol is sold as octane 
enhancer or oxygenated blended with gasoline, and currently represents about 2% of 
the US fuel market†.  
 
 

2010 2020 2030 2050

E
th
a
n
o
l 
p
ro
d
u
c
ti
o
n
 (
G
L
)

0

500

1000

1500

2000

Sugar cane

Grain

Other

Lignocelluloses

 

 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2.2. Ethanol potential production 
from different feedstocks.  

 
 
Within the European Union (EU) countries, the community produces more than 2 
billion liters of ethanol annually, dominated by France, Germany and United 
Kingdom, but less than 5 per cent is used as fuel‡. The EU has a long-term goal of 
achieving a 12 per cent share for renewable resources by 2010; thus the Commission 
decided in 1994 to allow tax concessions for pilot plants producing biofuels. As a 
result, new biofuel projects have been announced in the Netherlands, Sweden and 
Spain.  
 
In Sweden, cellulosic ethanol is produced in connection with a sulfite pulp mill at 
Domsjö, Örnsköldsvik, with a capacity of 13,000 cubic meters, while the Agroethanol 
company at Norrköping produces about 50,000 cubic meters from barley and wheat§. 
Ethanol is used in Sweden as an oxygenated high-octane additive (up to 5%) or as 
E85 (85% ethanol and 15% gasoline).  
 
The market for ethanol is predicted to increase greatly in the future due to the rise of 
energy demand in transportation; the rising price of oil due to its slower production; 

                                                 
 
* Adopted from “Ethanol Industry Outlook 2005” from http://www.ethanolrfa.org  
† Adopted from presentation slide of Fulton, L. entitled “Biofuel for Transport: an International 
Perspective”, available at International Energy Agency website: http://www.iea.org   
‡ Adopted from http://www.distill.com/berg/   
§ Adopted  from http://www.etek.se   
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and global concerns about environmental and energy security issues. Fulton (2004) 
(cited by Rosillo-Calle, (2006)) predicted a doubled demand in 2010 and an increase 
of 44-fold in 2050, where the share of ethanol in fuel increases from 5% to 54% 
respectively (Fig. 2.2). Two important markets standing out for their potential impacts 
on fuel ethanol demand are the EU and China. In the EU recently, only a small 
fraction of ethanol is used as fuel and the demand is growing rapidly. Moreover, 
Chinese automobile industries are fast-growing and hence it is quite certain that China 
will become a big player in the fuel ethanol market.  
 
Given such huge demand in the future, the main ethanol feedstock will be shifted 
from crops to lignocellulosic materials. These materials are largely abundant 
resources such as (a) special production plants: timber, switchgrass; (b) agricultural 
and forestry residues; (c) industrial and municipal wastes. While sugar cane and corn 
are dominant sources for ethanol production at present, ethanol production from 
lignocellulosic material has not been proven and is still under development. Even 
though ethanol has not been largely produced from lignocellulosic material due to its 
high cost, it is predicted that the use of this feedstock will increase dramatically in the 
near future and became the main resource for ethanol production, occupying as much 
as two thirds of total ethanol production in 2050 (Rosillo-Calle and Walter, 2006).  
 
 

2.2 Lignocellulosic materials 

 
 
Lignocellulose presents as a building block of plant cell wall structure. The main 
constituents of lignocellulose are cellulose along with hemicellulose and lignin. The 
compositions of these constituents may vary from one plant species to another. For 
example, hardwood has more cellulose constituent while wheat straw and leaves have 
more hemicellulose constituent (Table 2.2). In addition, the composition within a 
single plant varies with age, stage of growth and other conditions (Perez et al., 2002). 
 
 
Table 2.2. The lignocellulose constituents of common agricultural residues and 
wastes.  

Lignocellulosic material Cellulose (%) Hemicellulose (%) Lignin (%) 
Hardwood stems 40-55 24-40 18-25 
Softwood stems 45-50 25-35 25-35 
Corn cobs 45 35 15 
Rice straw 32.1 24 18 
Fresh bagasse 33.4 30 18.9 
Wheat straw 30 50 15 
Leaves 15-20 80-85 0 
Switch grass 45 31.4 12.0 
Adopted from: Howard et al. (2003),  Sun and Cheng (2002) 
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Cellulose is the main structural polymer in plant cell walls and is found in a very 
organized fibrous structure. This linear polymer consists of D-glucose subunits linked 
to each other by β-(1,4)-glycosidic bond (cf. Fig. 2.3). Due to this linkage, cellobiose 
is established as the repeat unit for cellulose chains. The long-chain polymers (called 
elemental fibril) linked together by hydrogen and van der Waals bonds result in a 
packed micro fibril. Hemicelluloses and lignin cover the micro fibril. The degree of 
polymerization (DP) of native cellulose is in the range of 7,000-15,000. Fermentable 
D-glucose can be produced from cellulose by breaking the β-(1,4)-glycosidic linkages 
by the action of acid or enzymes.  
 
Unlike cellulose, hemicelluloses consist of different monosaccharide units such as 
pentoses (xylose, rhamnose and arabinose), hexoses (glucose, mannose and galactose) 
and unonic acid (e.g. 4-o-methyl-glucuronic, D-glucuronic and D-galactouronic 
acids). The backbone of hemicellulose can be either a homo-polymer or hetero-
polymer with short branches at e.g. β-(1,4) and occasionally β-(1,3)-glycosidic bonds. 
In addition, hemicelluloses contain some degree of acetylation e.g. in heteroxylan. 
The principal component of hardwood hemicellulose is glucuronoxylan whereas 
glucomannan is predominant in softwood. In contrast to cellulose, hemicellulose an 
easy hydrolyzable polymer due to its branched nature and does not forming 
aggregates even when they are co-crystallized with cellulose chains. 
 
 

 

Fig. 2.3. Schematic illustration of the cellulose chain. 
 

 
Lignin is a complex, cross-linked polymer of phenolic compound monomers that form 
a large molecule structure. It is present in the cellular cell wall, conferring structural 
support, impermeability and resistance against microbial attack and oxidative stress 
(Perez et al., 2002). There are three phenyl propionic alcohols as monomers of lignin: 
coniferyl alcohol (guaiacyl propanol), coumaryl alcohol (p-hydroxyphenyl propanol) 
and sinapyl alcohol (syringyl alcohols). Guaiacyl units are dominant in the softwood 
while syringyl units are dominant in hardwood.  
 
 

2.3 Hydrolysis 

 
 
As described, cellulose and hemicellulose are polymers of sugar monomers, and 
therefore hydrolysis of these polymers results in sugar monomers some of which are 
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fermentable by ordinary yeast. However, producing monomer sugars from cellulose 
and hemicellulose at high yields is far more difficult than deriving sugars from crop 
products such as sugar cane or starch. To make cellulose and hemicellulose accessible 
for hydrolysis, a number of pretreatments should be carried out. These pretreatments 
are summarized in Table 2.3. 
 
 
Table 2.3. Pretreatment methods for lignocelluloses 

 
Method 

Operation (factor) causing 
changes in the substrate 

structure 

 
Kind of changes 

Physical Milling and grinding (ball, 
vibro energy, pressure, 
hammer); irradiation (electron 
beam, γ-rays, microwaves); 
high temperature (pyrolysis, 
steam explosion). 

Increase in specific surface and size 
of pore, decrease of the degrees of 
polymerization and crystallinity of 
cellulose, hydrolysis of 
hemicellulose, partial 
depolymerization of lignin. 

Chemical Alkalis, acids, gases, 
oxidizers, reducers, organic 
solvents. 

Delignification, decrease of the 
degree of polymerization and 
crystallinity of cellulose associated 
with its swelling, porosity growth. 

Biological White-rot fungi (Pleurotus, 
Pycnoporus, Ischnoderma, 

Phlebia, etc.). 

Delignification and reduction in 
degree of polymerization of 
cellulose and hemicellulose. 

Combined Alkali-pulping associated with 
steam explosion, grinding 
followed by alkaline or acid 
treatment. 

Degradation of hemicellulose, 
delignification, increase of the 
surface area and size of pores. 

Adopted from: (Szczodrak and Fiedurek, 1996) 
 
 
Nowadays, there are at least two hydrolysis methods which are still of interest to 
many researchers in the development of ethanol production: dilute-acid hydrolysis 
and enzymatic hydrolysis. Dilute-acid hydrolysis is an old method (1819) and was 
operated during World War II in Germany, the former Soviet Union, Japan, Brazil 
and the USA (Galbe and Zacchi, 2002; Saeman, 1945). In recent years, dilute-acid 
hydrolysis has been commonly used as a pretreatment prior to enzymatic hydrolysis. 
The conventional dilute-acid hydrolysis has become an unpopular concept since it 
was known to poses an inherent technical problem such as generation of toxic 
material that inhibits fermenting microorganisms (Klinke et al., 2003; Larsson et al., 
1999a; Leonard and Hajny, 1945; Luo et al., 2002; Taherzadeh et al., 1999b).  
 
In contrast, enzymatic hydrolysis has not faced this problem. Cellulases and 
hemicellulases (glycosylhydrolases) are used for enzymatic hydrolysis and produced 
by fungi such as Trichoderma, Penicillum and Aspergillus (Galbe and Zacchi, 2002).  
Cellulases consist of three classes of enzymes: 1,4-β-D-glucan cellobiohydrolases, 
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endo-1,4-β-D-glucanases, and 1,4-β-D-glucosidase (Jorgensen et al., 2003). These 
enzymes attack cellulose and lignin and produce sugar monomers. Despite the 
advantages of enzymatic pretreatment including mild energy requirements, high 
selectivity and low environmental conditions, the rate of hydrolysis in most enzymatic 
pretreatment processes is very slow. In addition, so far the enzyme price makes the 
enzymatic process economically not favorable.  
 
 

2.3.1 Dilute-acid hydrolysis 

 
While awaiting improvement of the enzymatic process, i.e. improvement of process 
rate and economically feasible enzyme production, the developments of dilute-acid 
hydrolysis are still continued (Lee et al., 1999b). Investigations in different kinds of 
reactor include plug-flow reactors, percolation reactors, progressive batch/percolation 
reactors, counter-current and co-current reactors have been carried out, in addition to 
new developments in kinetic investigation which explore a broader range of reaction 
conditions in term of the temperature and acid concentration. Moreover, intensive 
research to overcome the technical difficulties has been carried out, e.g. research on 
detoxification of toxic material liberated during dilute-acid hydrolysis. Furthermore, a 
combination of ethanol production with thermo-generation (a bio-refinery concept) 
can also solve the problem of low utilization of feedstock, since non-hydrolyzed 
materials can be compacted into pellets and used as a fuel for heat and electricity 
generation (cf. Fig. 2.1). 
 
 

 

Fig. 2.4. Schematic diagram of two-stage dilute-acid hydrolysis process 
 
 
The dilute-acid hydrolysis process occurs in two stages to accommodate the 
differences between hemicellulose and cellulose (Aguilar et al., 2002; Choi and 
Mathews, 1996; Larsson et al., 1999a; Lavarack et al., 2000; Saeman, 1945). The first 
stage is operated under milder conditions which yield more hydrolyzed hemicellulose 
products such as mannose and xylose monomers. The second stage is optimized for 
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hydrolysis of the more resistant cellulose fraction to produce mainly glucose 
monomers. The liquid hydrolyzates are recovered from each stage, separated from 
solid material and lignin, neutralized (and detoxified) prior to cultivation. Residual 
cellulose and lignin left over in the solid from the hydrolysis reactors serve as boiler 
fuel for electricity or steam production (Fig. 2.4).  
 
 

2.3.2 By-products of dilute-acid hydrolysis 

 
Dilute-acid hydrolysis is a cheap and fast process to obtain sugar from lignocellulosic 
materials. However, a significant drawback of dilute-acid hydrolysis is the generation 
of several by-products during the process (Saeman, 1945). Some of them are toxic to 
the fermenting microorganism, including yeast (Leonard and Hajny, 1945; Olsson and 
Hahn-Hägerdal, 1996; Palmqvist and Hahn-Hägerdal, 2000). Inhibition by these 
compounds decrease yield and productivity as well as disturbing cell growth. Many 
investigations have been dedicated to avoiding this inhibition problem, e.g. by 
converting the toxic materials to another compound that is less or non-toxic to the 
yeast, in addition to increase the tolerance of yeast against these toxic materials. 
 
 

 
 

Fig. 4.1. Some reactions occurred during hydrolysis of lignocelluloses. 
 
 
Cellulose, hemicellulose and lignin are broken down to mainly glucose, mannose or 
xylose, and phenolic compounds during acid hydrolysis, respectively (Fig. 4.1). As 
soon as the monomers are produced, further decompositions occur during these 
process conditions yielding other unexpected compounds such as 5-hydroxymethyl 
furfural (HMF) from hexoses, and furfural from pentoses. HMF and furfural are also 
decomposed into mainly levulinic acid and formic acid. Moreover, aliphatic acids, 

Lignocelluloses 

Lignin 
21-32% 

Hemicellulose 
19-34%  

Cellulose 
31-51%   

Phenolic 
compounds 

Xylose  Mannose Galactose  Glucose  
Aliphatic 
acids 

O CHO O CHO HOH2C 

Furfural 5-hydroxymethyl 
furfural (HMF) 

Formic acid Levulinic 



 14 

mainly acetic acid, are released from acetyl groups contained in hemicelluloses, while 
lignin is decomposed and releases phenolic compounds.  
 

2.3.2.1 Organic acids 

 
A large number of aliphatic acids are present in dilute-acid hydrolyzates originated 
from wood extractives, lignin degradation and sugar degradation (Luo et al., 2002). 
Acetic acid is a major acid constituent in hydrolyzates and is mainly produced from 
degradation of the acetyl group in the polysaccharides, whereas levulinic acid and 
formic acid are products of sugar degradation (cf. Fig. 4.1). There are several kinds of 
fatty acids such as hexadecanoic, 9,12-octadecadienoic, oleic and octadecanoic that 
most likely are unmodified wood extractives, in addition to short-chain and branched 
aliphatic acids such as 2-methyl-2-hydroxybutanoic acid, methyl propanedionic acid 
and methyl botanedioic acid (Luo et al., 2002). These last acids are not important in 
terms of concentration, and thus result insignificant effects to the yeast.   
 
The undissociated acids are harmful to the cells and inhibit cell growth. They are 
liposoluble and thus can diffuse across the plasma membrane into cytosol and may 
dissociate intracellularly (Taherzadeh et al., 1997b). In order to maintain intracellular 
pH, protons must be transported across the membrane by the action of plasma 
membrane ATPase. This results in an increase of ATP consumption, and thereby 
causes lower biomass yield (Verduyn et al., 1990a). In anaerobic conditions, ATP 
generation is achieved by the ethanol production pathway, resulting in higher ethanol 
yield at the expense of biomass formation (Palmqvist and Hahn-Hägerdal, 2000). 
However, above critical extracellular concentration of undissociated acid, the 
diffusion rate of undissociated acid can exceed the transport capacity of the plasma 
membrane ATPase, and intracellular acidification occurs (Verduyn et al., 1990b). 
Taherzadeh (1997b) shows the limit of extracellular pH at different acetic acid 
concentrations which allow yeast to grow. It was found that growth was possible at a 
pH not less than of 4.7 in cultivation containing 10 g/L acetic acid. Therefore, acetic 
acid is innocuous if it exists in low concentration or the cultivation is carried out at a 
pH higher than the extracellular pH limit.  
 
 

2.3.2.2 Phenolic compounds 

 
There are a number of phenolic compounds recognized in lignocellulosic 
hydrolyzates, including 3-methoxy-4-hydroxybenzaldehyde, 4-hydroxyacetophenone, 
vanillin, syringaldehyde, acetovanilone, ferulic acid, vanillic acid and 4-
hydroxybenzoic acid (Klinke et al., 2003; Luo et al., 2002). These compounds are 
mainly liberated from lignin degradation in addition to aromatic wood extractives. 
The phenol aldehydes and phenol ketones were found as the worst inhibitors (Klinke 
et al., 2003). Moreover, it was also shown the low molecular weight phenolic 
compounds are more toxic (Palmqvist and Hahn-Hägerdal, 2000).  
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Phenolic compounds are considered to be important inhibitors due to their inhibitory 
effect in fermentation of lignocellulosic hydrolyzates. These compounds partition 
biological membranes and cause loss of integrity, hence disturb their ability to serve 
as selective barriers and enzyme matrices (Palmqvist and Hahn-Hägerdal, 2000). The 
inhibition mechanism of phenolic compounds has not been elucidated yet. 
Furthermore, studies in inhibitory action of phenolic compounds have been carried 
out using higher concentrations than are actually present in the hydrolyzates 
(Delgenes et al., 1996; Palmqvist and Hahn-Hägerdal, 2000). The water solubility of 
phenolic compounds is limited and depends on the composition of the liquid, which is 
different in hydrolyzates and the defined medium; therefore it is possible that the 
concentration at which the microorganism suffered has been lower. In addition, S. 
cerevisiae assimilates vanillin, hydroxybenzaldehyde, and syringaldehyde during 
fermentation (Delgenes et al., 1996), while growth has been reported on cathecol, 
recorcinol, salicylic acid, and p-hydroxybenzoic acid (Palmqvist and Hahn-Hägerdal, 
2000). 
 
 

2.3.2.3 Furan compounds 

 
Furfural and 5-hydroxymethyl furfural (HMF) have been found as further hydrolysis 
products of pentoses and hexoses respectively (cf. Fig. 4.1). Pentoses form furfural in 
high yield; but if the furfural is not removed as formed, it partially condenses into 
high-molecular-weight materials. By an analogous process, hexoses yield HMF 
which, on continued heating, yields levulinic acid and formic acid (Saeman, 1945).  
 
Furfural has been reported to be a strong inhibitor for S. cerevisiae. The furfural 
concentration above 1 g/L was found to decrease significantly the CO2 evolution rate, 
the cell multiplication and the total viable cell number in the early phase of 
fermentation (Palmqvist et al., 1999; Taherzadeh et al., 1999a). During anaerobic 
fermentation, reduction of furfural to furfuryl alcohol occurs with high yields, while 
furoic acid is produced from oxidation of furfural during aerobic cultivation 
(Palmqvist et al., 1999; Taherzadeh et al., 1999a).  In both cases, NADH-dependent 
alcohol dehydrogenase (ADH) is believed to be responsible for furfural conversion in 
yeasts (Modig et al., 2002).  
 
HMF is chemically related to furfural and thus has similar inhibitory effects as 
furfural, except that it has a lower conversion rate which might be due to lower 
membrane permeability (Larsson et al., 1999a). Taherzadeh (2000a) showed that an 
addition of 4 g/L of HMF decreased the CO2 evolution rate (32%), ethanol production 
rate (40%), and specific growth rate (70%). However, these inhibitory effects were 
less than those caused by the same amount of furfural, and thus HMF cannot be 
considered as acutely toxic as furfural for growth and fermentation of S. cerevisiae. 
On the other hand, the conversion rate of furfural is much faster than the conversion 
rate of HMF (Taherzadeh et al., 2000a) (Papers II-IV). Furthermore, HMF is 
converted to 5-hydroxymethyl furfuryl alcohol (Taherzadeh et al., 1999a) with a 
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similar mechanism as it was shown in the case of furfural conversion. Later, Liu 
(2004) proposed that the product of HMF conversion is 2,5-bis-hydroxymethylfuran. 
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3. METHODOLOGY 
 
 

3.1 Wood hydrolyzates 

 
 
The wood hydrolyzates used in the current work were kindly provided by Dr. Robert 
Eklund (Mitthögskolan, Örnsköldsvik, Sweden). The hydrolysis of spruce wood chips 
was carried out in a 350 L rebuilt masonite gun batch reactor located in Rundvik, 
Sweden. In the first stage of the hydrolysis process, an amount of material 
corresponding to 10 kg of dry wood splitter was impregnated with H2SO4 and water to 
obtain an initial acid concentration of 5 g/L and a solid concentration of 30% (w/w). 
The impregnated wood was charged into the reactor and the reaction was started by 
direct steam injection, with a heat-up time of approximately 50 seconds. After the 
heat-up period, the reactor was held at the pressure of 12 bar (188°C) for 10 minutes, 
followed by a rapid decompression and discharge of the material into a collecting 
vessel. The solid residue was separated from the liquid hydrolyzate by filtration. 
Further hydrolysis of the remaining solid was carried out at a pressure of 21 bar 
(215°C) for 7 minutes. The compositions of the 1st-stage and 2nd-stage hydrolyzates 
which were used in Paper I are presented in Table 3.1. In addition, mixtures of 
hydrolyzates were used in the current work (Papers II-IV).  
 
 
Table 3.1. The composition of hydrolyzates from Swedish-grown spruce chips 

Paper I 
Component (g/L) 

Stage 1 Stage 2 
Papers II–IV 
(mixture) 

Glucose  7.78 22.66 18.4 – 27.5 
Xylose 21.80 2.70 n/a 
Galactose 5.34 1.02 1.6 – 2.7 
Mannose 45.15 4.69 6.1 – 18.4 
Furfural 1.30 1.98 0.3 – 0.5 
HMF 0.70 0.36 0.6 – 1.9 
Acetic acid n/a n/a 1.6 – 4.0  
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3.2 Microorganisms 

 
 
Fermentation of lignocellulosic hydrolyzates involves great challenges: having high 
yield and tolerance to high ethanol concentration; the necessity of converting pentose 
as well as hexose sugars to ethanol; and resistance to inhibitors present in 
hydrolyzates. Microorganism as a key factor in fermentation has an important role in 
meeting these challenges. Many microorganisms such as yeast (e.g. Saccharomyces 
and Pichia species), bacteria (e.g. Escherichia coli, Klebsiella and Zymomonas) and 
fungi (e.g. Mucor, Rizhopus and Rhizomucor) have been employed and even 
genetically modified to achieve these goals (Abbi et al., 1996; Ingram et al., 1999; 
Millati et al., 2005; Nigam, 2001, 2002; Olsson and Hahn-Hägerdal, 1996). However, 
the larger sizes, thicker cell walls, better growth at low pH, less stringent nutritional 
requirements, and greater resistance to contamination give yeast advantages over 
bacteria for commercial fermentation (Jeffries, 2006).  
 
Baker’s yeast, Saccharomyces cerevisiae, is widely used in ethanol production due to 
its high ethanol yield and productivity, no oxygen requirement, and high ethanol 
tolerance (Olsson and Hahn-Hägerdal, 1993). This unusual capabilities are the result 
of adaptation to efficient ethanol production from hexose sugars during thousands of 
years (Olsson and Hahn-Hägerdal, 1996). However, S. cerevisiae cannot transport and 
use xylose as a substrate, whereas the isomers of xylose (xylulose and ribulose) can 
be fermented (Jeffries, 2006). Cell metabolic engineering and modification have been 
extensively carried out to give the ability of xylose assimilation to yeast due to the 
wide availability of xylose resources. However, the development is still in progress 
and there is no known recombinant yeast strain that is efficient enough to ferment 
glucose, xylose and other minor sugars in hydrolyzates to ethanol (Jeffries, 2006). 
Nevertheless, native S. cerevisiae is probably still the best choice for softwood 
hydrolyzates, where glucose and mannose constituents are dominant among other 
sugars. In addition, the native yeasts are inexpensive and widely available.  
 
Saccharomyces cerevisiae obtained from different sources were used in the current 
work. A commercial baker’s yeast (Jästbolaget AB, Rotebro, Sweden) was used in 
Paper I, while a strain of S. cerevisiae CBS 8066 obtained from Centraalbureau voor 
Schimmelcultures (Delft, the Netherlands) was used in Papers II-IV. In addition, a 
flocculating yeast strain isolated from an ethanol plant in the north of Sweden was 
used in Paper IV. Although baker’s yeast was directly used, the strains were kept on 
agar plates made of yeast extract 10 g/L, peptone 20 g/L, microbiological agar 20 g/L 
and D-glucose 20 g/L as an additional carbon source.  
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3.3 Cell immobilization 

 
 
Cell immobilization is defined as “the physical confinement or localization of intact 
cells to a certain region of space with preservation of some desired catalytic activity” 
(Karel et al., 1985). The advantages of cell immobilization include enhancement of 
fermentation productivity; feasibility of continuous processing; cell stability; and 
lower costs of recovery and recycling in downstream processing (Kourkoutas et al., 
2004). The techniques can be divided into four major categories based on the physical 
mechanisms: (a) attachment or adsorption on solid carrier; (b) entrapment within a 
porous matrix; (c) self-aggregation by flocculation (natural) or with cross-linking 
agent (artificially induced); and (d) cell containment behind a barrier (Kourkoutas et 
al., 2004; Willaert et al., 1996). Among these techniques, entrapment and self-
aggregation by flocculation techniques were exploited in the current work.  
 
Even though there are several materials used for cell entrapment such as agar, 
chitosan, polyacrylamide, poly(vinil alcohol) and  κ-carrageenan (Decamps et al., 
2004; Lozinsky and Plieva, 1998; Oztop et al., 2003; Saraydin et al., 2002), alginate is 
a common natural polymer used for cell entrapment (Paper II, III). In the current 
study, a mixture of cells in 3% Na-alginate solution was dropped through a syringe 
nozzle into a 30 g/L calcium chloride solution (Birol et al., 1998; Laca et al., 2000; 
Taherzadeh et al., 2001). While cross-linked matrix of Ca-alginate formed, the cells 
were entrapped inside the matrix. Spherical beads of 3-3.5 mm diameter were formed 
and complete hardening was achieved at least in 2 hours. The cross-linking bond 
between calcium ion and alginate molecule is reversible, i.e. the absence of calcium 
ion in the solution can break the matrix and release the cells (Abbi et al., 1996; 
Nigam, 2000). An adequate calcium ion level should therefore be maintained to avoid 
bead disruption even during the application processes.  
 
There is doubt about using the cell entrapment method in industry, due to additional 
cost of immobilization material. However, cell entrapment is a simple and useful 
method to provide a simulation of high-density cells used in small-scale bioreactors 
where a cell recirculation method with e.g. filter and continuous centrifuge is rather 
difficult (Brandberg et al., 2005). Cell immobilization is therefore employed in the 
current work (Paper II-III). 
 
Self-aggregation of cells leading to formation of a flock and easy sinking is very 
useful for cell recirculation, and thus performs cell retaining. Yeast has a natural 
flocculation capability which is usually employed in the brewing industry. The 
flocculation of yeast is a reversible, asexual and calcium-dependent process (Bony et 
al., 1997; Verstrepen et al., 2003). Lectin-like proteins, so-called flocculins, which 
stick out of the cell walls of flocculating cells, selectively bind mannose residues 
present in the cell walls of adjacent yeast cells. Calcium ions in the medium are 
needed in order to activate the flocculins (Bony and Blondin, 1998; Bony et al., 1997; 
Javadekar et al., 2000; Verstrepen et al., 2003). Once the yeast forms flocks, the 
separation of cells from broth can easily be carried out by sedimentation; thus cell 
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recirculation is performed without any force-driven separation, i.e. filtration and 
centrifugation.  
 
An important property of flocculating yeast is its sinking velocity. This velocity was 
determined easily by examining a flock of yeast with diameter around 1 mm sunk in a 
glass cylinder. Time required for the flock to across a certain distance was recorded.  
The sinking velocity was a ratio of the distance and time required to across it.   
 
 

 

 
 
 
 
 
 
 
 
 
 
 
Fig 3.1. A yeast flock placed on a 
counting chamber. The observation was 
carried out by microscope with 50x 
magnification. 

 
 
 

3.4 Detoxification with Ca(OH)2 

 
Detoxification with lime (‘overliming’) is carried out by adding Ca(OH)2 to 
hydrolyzates to reach a high pH of 9-12, and keeping the condition for a period of 
time, followed by neutralization to fermentation pH (Leonard and Hajny, 1945; 
Martinez et al., 2001; Martinez et al., 2000; Millati et al., 2002; Nilvebrant et al., 
2003; Sárvári Horváth et al., 2005). In order to investigate the dynamic behavior of 
detoxification of dilute-acid hydrolyzates, increasing the pH to 9, 10, 11 and 12 was 
assessed (Paper I) and these conditions were kept for 90 minutes for every different 
temperature of 30, 45 and 60°C. The samples were drawn during this period, 
neutralized, centrifuged to remove solid materials and kept for further analyses. After 
the intended time for detoxification was over, the hydrolyzate was neutralized to 
fermentation pH of 5.0.   
 
Detoxification was also carried out continuously in a 1-liter reactor with a magnetic 
stirrer (Paper II). A schematic diagram of the experimental apparatus is shown in Fig. 
3.2. A peristaltic pump was used for feeding the hydrolyzates into the reactor (A) with 
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different dilution rates of 0.216, 0.432 and 0.648 h-1, corresponding to 4.6, 2.3 and 1.5 
h residence time respectively. The pH inside the reactor was maintained by a 
computer-programmed pH-controller which triggered an intermittent addition of a 
10% w/w Ca(OH)2 slurry. The detoxification pH was varied to pH levels of 9, 10, 11 
and 12 for every dilution rate. The overflow from the detoxification reactor was then 
transferred to a neutralization chamber with volume of 0.5 liters which was equipped 
with a magnetic stirrer. The pH inside the chamber was maintained at 5.0 by a pH 
controller (BIOLAB) which triggered an addition of a 5 M H2SO4 solution into the 
chamber. The additions of lime slurry and acid did not cause significant dilution since 
it was only less than 10% of the inflow rate when detoxification was carried out at pH 
12. The overflow from the chamber then flowed down into a settling tank, in which 
most of the CaSO4 precipitated. All processes were carried out aseptically at ambient 
temperature (25±5°C).  
 
 

 

Fig. 3.2. Schematic process diagram of continuous detoxification  
system and fermentation  

 
 
 

3.5 Cultivation conditions 

 

3.5.1 Batch cultivation in conical flasks 

 
Cultivations in shake conical flasks were carried out under anaerobic condition 
(Papers I-II) in order to determine the fermentability of hydrolyzates (Fig. 3.3). The 
cultivation was carried out in an 250-300 mL Erlenmeyer flask with a loop trap 
described by Taherzadeh et al. (1996). About 100-130 mL hydrolyzates was added 
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into mineral solution and inoculum to achieve a total volume of 125-150 ml. The 
addition of mineral solution is adjusted to meet compositions per liter of solution: 7.5 
g (HN4)2SO4, 3.5 g KH2PO4, 0.75 g MgSO4.7H2O, 30 mg EDTA, 13 mg CaCl2.6H2O, 9 mg 
ZnSO4.7H2O, 6 mg FeSO4.7H2O, 2 mg H3BO3, 2  mg MnCl2.4H2O, 0.8 mg Na2MoO4.2H2O, 
0.6 mg CoCl2.2H2O, 0.6 mg CuSO4.5H2O, 0.2 mg KI, 50 µg d-biotin, 0.2 mg p-aminobenzoic 
acid, 1.0 mg nicotinic acid, 1.0 mg calcium pantothenate, 1.0 mg pyridozine hydrochloride, 
1.0 mg thiamine hydrochloride, 25 mg m-inositol, 0.5 ml antifoam, 10 mg ergosterol and 420 
mg Tween 80. To achieve anaerobic condition, all flasks were purged with nitrogen, 
whereafter a constant overpressure of about 5 mbar was maintained in the flasks 
during cultivation. Sterile glycerol was used in the loop-traps to prevent oxygen back-
diffusion to the medium, while permitting nitrogen and evolved CO2 to leave the 
flask. The fermentation was carried out in a shaker bath at 30°C. The liquid samples 
were withdrawn before inoculation, and after 2, 4, 6, 8, 12, 24 and 48 h of cultivation. 
 
 
 
 

 

 
 
 
 
 
 
 
 
 
Fig. 3.3. Conical flask for anaerobic 
batch cultivation (Taherzadeh et al., 
1997a) reprint with permission. 

 
 

3.5.2 Continuous cultivation  

 
Continuous cultivation, which is a subject of the current work, has been generally 
carried out in a chemostat. A 2.5-liter Biostat A bioreactor (B.Braun Biotech, 
Germany) has been used as a chemostat, either as a single bioreactor or as two 
bioreactors in series. In addition, a locally made fluidized bioreactor was used either 
individually or in series with a chemostat.  
 
Typically, chemostat cultivation was carried out at a temperature of 30°C and pH of 
5.0. The stirring rate was varied from 150 to 600 rpm depending on the application; 
i.e. a low stirring rate was applied when cell immobilization beads were used in 
cultivation to prevent bead breakage due to high shear stress of impeller; while a 
higher stirring rate was used for free cell culture especially in aerobic conditions to 
provide a high oxygen transfer rate into the liquid phase. All of these operational 
parameters were controlled by an integrated controller, microDCU 300 (B.Braun 
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Biotech, Germany). The controller also triggered a base dosing pump to control the 
pH, since the cultivation produced acids as by-products. In addition, a harvest pump 
was employed to maintain a constant liquid level inside the bioreactor.  
 
A locally made fluidized-bed bioreactor was a 1.3 L column bioreactor with 60 mm 
ID and 460 mm length, and equipped with water-jacket to maintain a constant 
temperature inside the bioreactor (Fig. 3.4). The pH inside the bioreactor was 
controlled by the control unit of the BIOLAB bioreactor (B.Braun Biotech). Some 
liquid was recirculated to carry the addition of base in order to control the pH inside 
the bioreactor. Since this fluidized-bed bioreactor was applied in cultivation using 
immobilized beads, purged gas was fed from the bottom end of the column and 
provided enough energy to fluidize the beads, thus giving good mixing throughout the 
bioreactor. A condenser was mounted at the gas outlet to limit evaporated compounds 
eluded by the inert gas.  
 
 
 
 

 

 
 
 
 
 
 
 
 
 
 
 
Fig. 3.4. Schematic diagram of 
fluidized-bed bioreactor (1.3 L total 
volume with 60 mm ID and 460 mm 
length) 

 
 
 
 
A constant mass-flow of air or pure nitrogen gas flowed into the bioreactor to 
maintain aerobic or anaerobic conditions respectively. A mass flow controller 
(Bronkhorst, the Netherlands) was used to control a constant mass flow of gas into the 
bioreactor. Typically, the flow rate of gas was set to 500 ml/min except under some 
special conditions, e.g. high flow rate of air to provide enough oxygen in aerobic 
cultivation. Nevertheless, this purged gas took evaporated ethanol out of the 
bioreactor and resulted in less ethanol concentration in fermentation broth. The 
ethanol concentration therefore was calibrated with the amount of ethanol lost in the 
gas effluent. The calibration was carried out under the fermentation condition, while 
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the rates of ethanol evaporation were determined at various concentrations in the 
range of existing ethanol concentration during cultivation. The relation of molar 
fraction of ethanol in gas phase to molar fraction of ethanol in liquid phase was:  
 
 y = 0.49·x        (1) 
 
where y is the molar fraction in the gas phase and x is the molar fraction in the liquid 
phase.  
 
 
 

 

Fig. 3.4 Schematic diagram of chemostat with cell-recycle system (left)  
and detail drawing of a ‘hydro-cyclone-like’ separator (right). 

 
 
 
When working with flocculating yeast, the yeast was separated from the broth and 
returned to the bioreactor while rather clear broth was drawn out as product. Since the 
yeast rapidly formed flocks and directly settled down within a short time, a simple 
separator made from a 250-mL separator funnel was used as a ‘hydro-cyclone-like’ 
separator (Fig. 3.5). The separator has two outlets: a down-flow line equipped with 
peristaltic pump continuously brought the yeast back to the bioreactor; and an up-flow 
line place in the top of separator equipped with controlled pump drew the product of 
fermentation. This pump was controlled by the liquid level inside the bioreactor. A 
vacuum pressure inside the separator allowed rich yeast broth to flow into the 
separator through an inlet line which was designed to give a tangential effect, and thus 
better separation could be attained.  
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3.6 Analyses 

 
 

3.6.1 HPLC 

 
Compositions of substrate and fermentation product are essential to determine for 
every cultivation process. Several analysis methods can be employed such as liquid 
chromatography, gas chromatography, enzymatic analysis, gel electrophoresis or 
spectrophotometry (Mathews et al., 2000). In the current study, liquid samples were 
consistently analyzed by a high-performance liquid chromatography (HPLC) system. 
The system includes: a separation module (Water Alliance 2695, Milford, MA) which 
consists of a mobile phase reciprocating pump and an auto-sampler; a column oven; a 
dual  λ absorbance (UV) detector (Waters 2487); a refractive index (RI) detector 
(Waters 2414); and an evaporative light-scattering (ELS) detector. An Enpower data 
acquisition software was used to retrieve data as well as to control the sequence of 
analyses.  
 
Two different column types were employed for analyses of sugars and metabolite 
products from fermentation of either hydrolyzates or defined synthetic medium. A 
hydrogen-ion type resin column (Aminex HPX87H, Biorad, Hercules, CA) was used 
to separate mainly organic acid such as glycerol, acetic acid, ethanol and glucose 
using 5 mM H2SO4 as a mobile phase at flow rate of 0.6 ml/min, whereas a lead-ion 
type resin column (Aminex HPX87, Biorad and Chrompack Carbohydrates Pb, 
Varian, Palo Alto, CA) was used to separate different sugars such as glucose, xylose, 
galactose and mannose using pure water as a mobile phase at flow rate of 0.6 ml/min. 
The main inhibitors, furfural and HMF can be separated in both columns.   
 
All components were determined from RI detector except HMF and furfural which 
were determined from UV detector. However, ethanol was also detected in lead-ion 
type resin column and interfered mannose determination, i.e. the mannose peak was 
larger when ethanol exists in solution. Calibrations were carried out for all mannose 
peak areas when mixed with ethanol by subtracting an equivalent area generated from 
ethanol concentration, which was determined using a hydrogen-ion type column. The 
calibration was rather good with a maximum deviation less than 2%. The ELS 
detector was also used to determine sugar concentration since this detector evaporated 
all volatile compounds including ethanol, acetic acid and furfural; thus the 
concentration of non-volatile compounds could be measured by the light-scattering 
detector without any interference from volatile compounds.  
 
 

3.7 Software and control system 

 
 
Performing continuous cultivation experiments is very difficult without any 
automation. While each measurement should be carried out at least 5 retention times, 
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various process variables and parameters should be manipulated in concert to ensure 
the stability of the process. Thanks to PC-based technology that allows interfacing the 
experiment bench to the personal computer through Analog Input Multifunction DAQ 
NI PCI-6014 (National Instrument, Austin, TX) a programmable system can be 
developed to automate and control the equipment.  
 
The computer communicates with the experimental equipment for e.g. retrieving pH, 
temperature and stirring rate data from microDCU 300, adjusting gas-flow controller, 
setting up the feed pump, retrieving gas concentrations from gas analyzer, retrieving 
pH data from pH-meter, and triggering the dosing pump to control the pH. A program 
developed on LabVIEW platform (National Instrument) was used to manage all tasks 
as well as to collect the data and store it in a database. To some extent, the system 
could be reached remotely, and thus the experiment could be monitored and triggered 
during off-time or at a distance. 
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4. DETOXIFICATION 
 
 
Cultivation using (undetoxified) hydrolyzates is characterized by slow kinetics, with 
limited yield and productivity. This is due to the presence of a variety of compounds 
which act as inhibitors to the microbial metabolism. To overcome this problem, 
lignocellulosic hydrolyzates need to be neutralized from these inhibitors, thereby 
becoming more suitable for microorganism metabolism. A number of studies have 
been conducted to identify toxic compounds and to minimize their negative effect on 
fermentation (Klinke et al., 2003; Larsson et al., 1999a; Luo et al., 2002). Table 4.1 
show a number of detoxification methods. 
 

 

4.1 Detoxification using Ca(OH)2 – overliming 

 
 
Treatment of lignocellulosic hydrolyzates with alkali has frequently been employed as 
a detoxification method to improve the fermentability (Larsson et al., 1999b; Martinez 
et al., 2001; Martinez et al., 2000; Millati et al., 2002; Nigam, 2001, 2002; Nilvebrant 
et al., 2003; Persson et al., 2002a; Ranatunga et al., 2000; Sárvári Horváth et al., 
2005). This process is mainly used to convert furan derivatives into other, less toxic 
compounds. Treatment with Ca(OH)2 (“overliming”) seems to be a fast and effective 
alkali treatment for hydrolyzate detoxification (Persson et al., 2002a; Sárvári Horváth 
et al., 2005) 
 
Traditionally, the treatment with Ca(OH)2 is carried out by adding a slurry of 
Ca(OH)2 into hydrolyzate to increase the pH (around 10 up to 12) and keep this 
condition for a period of time (from 15 min to several days), followed by decreasing 
the pH to 5-5.5 (Martinez et al., 2001; Martinez et al., 2000; Millati et al., 2002; 
Persson et al., 2002a). The process is also sensitive to temperature that gives higher 
conversion at higher temperature (Martinez et al., 2001; Millati et al., 2002; Sárvári 
Horváth et al., 2005). 
 
The drawback of this treatment is that sugars are also simultaneously degraded during 
the overliming process (Martinez et al., 2001; Martinez et al., 2000; Millati et al., 
2002; Persson et al., 2002a). The degradation of sugar was reported to be low in mild 
conditions and to increase with increasing pH as well as temperature. However, those 
results do not specify how fast the degradation reactions were, particularly for furan 
compounds and fermentable sugars. Kinetic knowledge of the overliming process is 
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essential in development of a reaction strategy for performing an effective overliming 
process which maximizes sugar concentration and minimizes inhibitor amounts. 
 
 

Table 4.1. Detoxification methods to increase the fermentability of hydrolyzates. 

Method Description References 

Biological Methods 

Treatment with 
laccase enzyme 

Enzyme laccase originated from white rot 
fungus Trametes versicolor is used to 
detoxify mainly phenolic compounds 

(Jönsson et al., 1998), 
(Martin et al., 2002), 
(Larsson et al., 1999b) 

Treatment with 
Trichoderma reesei 

Fungus Trichoderma reesei is used for 
simultaneous detoxification and hydrolysis 
enzyme production.  

(Palmqvist et al., 1997), 
(Larsson et al., 1999b) 

Treatment using 
microorganism 

Native or recombinant microorganism is used 
to assimilate the inhibitors prior to 
fermentation by yeast. 

(Schneider, 1996), (Lopez et 
al., 2004) 

Adaptation of 
microorganism 

Exploiting the adaptation capability of the 
microorganism to be resistant in hydrolyzates.  

(Olsson and Hahn-Hägerdal, 
1996), (Silva and Roberto, 
2001) 

High amount 
inoculum 

Performing in-situ detoxification by 
microorganisms. 

(Leonard and Hajny, 1945), 
(Taherzadeh et al., 1999a), 
(Papers III, IV) 

Physical/Physico-chemical Methods 

Vacuum evaporation Evaporate volatile inhibitor such as furfural, 
acetic acid and vanillin. Increase the 
concentration of non-volatile inhibitors. 

(Parajo et al., 1996), (Larsson 
et al., 1999b), (Converti et 
al., 2000) 

Supercritical fluid 
extraction 

Supercritical extraction using CO2 is 
performed to extract most of furfural, volatile 
phenolic compounds. High polarity hinders 
extraction of HMF, non-volatile phenolic 
compounds and aliphatic acid. 

(Persson et al., 2002b) 

Adsorption by ion-
exchange resins 

Adsorb mostly acetic acid, phenolic 
compounds, furfural and HMF. Rather 
expensive treatment due to the cost of ion-
exchange resins. 

(Larsson et al., 1999b), (Lee 
et al., 1999a), (Nilvebrant et 
al., 2001), (Carvalho et al., 
2004), (Canilha et al., 2004) 

Adsorption by 
activated charcoal 

Adsorb a large quantity of lignin degradation 
products in addition to reducing acetic acid 
and furfural to the harmless inhibition level.  

(Parajo et al., 1996), 
(Mussatto et al., 2004),  
(Miyafuji et al., 2003b)  

Chemical Methods 

Treatment with lime Additions of lime to adjust the pH of 
hydrolyzates to 10-12 and keep the condition 
for a certain time before readjusting the pH to 
the fermentation level.  

(Martinez et al., 2000), 
(Nilvebrant et al., 2003), 
(Millati et al., 2002), (Papers 
I-III) 

Treatment with 
ammonia 

Similar to the treatment with lime except that 
ammonia is used for pH adjustment. 

(Alriksson et al., 2005) 

Treatment with 
wood-ash 

Similar to the treatment with lime except that 
wood-ash is used for pH adjustment. 

(Miyafuji et al., 2003a) 

Treatment with 
sulfite 

Adjustment of pH using NaOH, after which 
sulfite was added. Sodium sulfite (Na2SO3) 
with concentration of 0.1-1% was used. 

(Larsson et al., 1999b),  
(Converti et al., 2000)  
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4.2 The kinetics of the overliming process 

 
 
Millati et al. (2002) reported that the overliming process is affected by pH, time and 
temperature. This result is also in agreement with other work (Martinez et al., 2001; 
Martinez et al., 2000; Nilvebrant et al., 2003). All of these studies observed the 
concentration of both sugars and furan compounds for not less than 30 min up to 170 
hours. However, the reports do not describe the concentration profile during the early 
stage of the overliming process. When the study of kinetics is in focus, investigation 
of the overliming process in the early stage becomes important.  
 
In the current work (Paper I), the concentration profile of the batch overliming 
process in the early stage was investigated. Primarily, a cocktail of glucose and 
furfural was used. The results show that as soon as the addition of Ca(OH)2 slurry into 
the hydrolyzate occurred, both glucose and furfural underwent a quick initial 
degradation. In the first 3 min, 47% of glucose and 58% of furfural were degraded. 
The rates of degradation were then slowed down (Fig 4.2). Similar results were also 
obtained from detoxification of dilute-acid hydrolyzates at different detoxification pH 
and temperature (Paper I).  
 
 

 
 
The concentration profiles for sugars and furan compounds clearly indicate that the 
process kinetic does not look like a single first- or second-order reaction. Paper I 
proposes a kinetic mechanism of the overliming process where the reactions involve a 
formation of complex ion from reactant (sugars, furfural or HMF) and Ca2+ ion 
followed by decomposition of complex ion into product and fresh Ca2+ ion. The first 
reaction is fast and reversible while the following reaction is irreversible. The model 
fits very well to experimental data and results in reasonable estimated model 
parameters as functions of detoxification pH and temperature.  
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Fig. 4.2. Concentration profile of 
glucose (n), furfural (�) and 
mannose (�) during detoxification at 
pH 12 followed by neutralization at 
pH 5 and 30°C. (Paper I) 
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Nilvebrant et al. (2003) produced a response surface including sugars, furfural and 
HMF from the detoxification process of a mixture of 1st-stage and 2nd-stage 
hydrolyzates (the ratio is unpublished) at pH of 9 to 12 and temperature of 20 up to 
80°C. Comparison between these results and the detoxification results of the current 
work (Paper I) shows that the results of detoxification of 2nd-stage hydrolyzates were 
in agreement while this was not the case with the results of detoxification of 1st-stage 
hydrolyzates. The results of 1st-stage detoxification seem to be more sluggish in both 
pH and temperature. The variety of constituents contained in 1st-stage hydrolyzates 
might be responsible for this behavior. The 1st-stage hydrolysis decomposes 
hemicelluloses and lignin from the wood, thus producing a number of constituents 
which give diverse properties to the solution, whereas the 2nd-stage hydrolysis 
decomposes mostly celluloses which produce a smaller variety of constituents.  
 
All of the detoxified hydrolyzates were then anaerobically cultivated (Paper I). The 
hydrolyzates detoxified at low pH of 9 and low temperature of 30°C assimilated less 
sugar, and thus produced a small amount of ethanol. In contrast, the hydrolyzates 
detoxified at high pH of 12 and high temperature of 60°C assimilated sugars very fast 
but yielded less ethanol due to less sugar remained in the hydrolyzates after 
detoxification. The maximum ethanol yield was obtained from the first-stage 
hydrolyzate detoxified at pH 10 and 45°C. This behavior is in agreement with the 
results obtained by Martinez et al. (2001) who were working with cultivation of 
detoxified bagasse hemicellulose hydrolyzates using recombinant E. coli LY01.  
 
In particular, this shows that the overliming process needs an optimum condition in 
both pH and temperature to give high ethanol yield. While the pH level controls the 
amount of Ca2+ ion, the temperature thermodynamically increases the rate of reaction. 
Both process parameters can work in concert to decrease the content of inhibitors in 
the hydrolyzate while keeping the sugars for the following fermentation. However, a 
sudden addition of lime in the batch detoxification process has been shown to 
decrease the sugar contained in the hydrolyzates. Hence the batch process might be 
not suitable enough for the overliming process. A gradual addition of lime can be 
carried out by fed-batch or continuous processes. In this work, continuous 
detoxification is therefore developed as an alternative to the batch process. 
 
 

4.3 Continuous detoxification process 

 
 
The continuous detoxification process is developed to be used along with continuous 
hydrolysis and fermentation, as a rapid ethanol production concept. While the batch 
overliming process is of great interest, no attention has been given to applying this 
process in the continuous mode of operation. The continuous detoxification has 
advantages compared with batch detoxification in terms of less sugar degradation. 
The following sections discuss the results of continuous detoxification experiments 
and the kinetics of the detoxification process occurring in a continuous process, which 
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explain how the continuous process can have less sugar degradation with the same 
detoxification effect.  
 
 

4.3.1 Effects of pH and dilution rate 

 
 
The effects of pH and dilution rate in continuous detoxification on total fermentable 
sugar (glucose, galactose and mannose), furfural and HMF concentrations were 
examined. The dilution rate of the continuous detoxification was adjusted to 0.216, 
0.432 and 0.648 h-1 (equivalent to 4.6, 2.3 and 1.5 h residence time) and the pH set to 
9, 10, 11 and 12. Fig. 4.4 shows the results of continuous detoxification as sugars, 
furfural and HMF concentration fractions relative to the initial concentrations in non-
detoxified hydrolyzates.  
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Fig. 4.4. The concentration of (a) total 
fermentable sugars (including 
glucose, galactose and mannose), (b) 
furfural, (c) HMF in detoxified 
hydrolyzates (C) per their initial 
concentration before detoxification 
(C0). The detoxification were carried 
out at 0.216, 0.432 and 0.648 h-1 at 
different pH of 9 (n), 10 (�), 11 (�) 
and 12 (�). (Paper II) 
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At the slowest dilution rate (D = 0.216 h-1), all furfural and 93% of HMF were 
converted at pH 12, but about 40% of fermentable sugars was lost. Alternatively, 
detoxification at pH 9 was so mild that nearly all of the fermentable sugars were 
saved, but the furfural and HMF were not degraded by more than 20 and 25% 
respectively. Increasing the dilution rate resulted in less degradation of sugars as well 
as furans at all pH levels. At the highest dilution rate applied (0.648 h-1), the 
maximum fermentable sugar loss was reduced to 10% when detoxification was 
carried out at pH 12, whereas 93% of furfural and 84% of HMF were converted 
(Paper II).  
 
Batch detoxifications were carried out with a period of 90 min, which corresponds to 
the residence time of a continuous detoxification with dilution rate 0.648 h-1. The 
results of the batch detoxification presented in Table 4.2 can be compared with the 
results of continuous detoxification. Surprisingly, continuous detoxification could 
keep the sugar concentration high enough at more than 90% with approximately 
similar detoxification levels of furfural and HMF.  
 
 

Table 4.2. The percentage of remaining sugars, furfural and HMF in 
hydrolyzates after continuous and batch detoxifications at different pH. 
The batch detoxification was carried out for 1.5 h, similar with residence 
time of continuous detoxification at dilution rate of 0.648 h-1 (Paper II)  

Continuous   Batch 

pH 
 

Sugars 
(%) 

Furfural 
(%) 

HMF 
(%)  

Sugars 
(%) 

Furfural 
(%) 

HMF 
(%) 

9 99 90 88  93 83 90 

10 97 81 75  90 73 79 

11 96 62 57  85 45 45 

12 90 7 16  65 16 7 

 
 
How continuous detoxification can retain higher sugar concentration compared with 
batch detoxification probably can be explained by the mechanism of detoxification 
process in continuous detoxification.  
 

4.3.2 The mechanism of continuous overliming 

 
In the batch detoxification process, the initial amounts of reactant and cation are high; 
therefore the reaction runs fast enough until all cation as a limiting substance is 
converted. Free cation that is produced from decomposition of complex ion is then 
immediately reacted with reactant to form a new complex ion. At this point, the 
consumption of reactant is only dependent on the rate of product formation. The fast 
initial reaction results in a high detoxification effect, but also converts more valuable 
sugars. On the other hand, at the later period of reaction time, both reactions are 
controlled by the formation of free cation, and the sugar degradation is much slower 
compared with furfural and HMF degradations. 
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This case also occurs in continuous detoxification. At steady-state conditions, the 
existence of cation is controlled mostly by decomposition of complex ion. Since 
hydrolyzates are fed little by little, there is no sudden addition of fresh Ca(OH)2 to 
control the pH level; thus the addition has an insignificant effect on the reaction rate. 
If the first reaction (Eq. 1 in Paper I) is considered to be faster than the second 
reaction (Eq. 2 in Paper I) and always in equilibrium, then the rate of detoxification 
reaction can be described as: 
 

 ]A[
]Z[3

K

k
rA =−        (2) 

 
where K = [A]·[Z]/[ZA]. At steady state, all those concentrations can be considered to 
be constant, and thus combining the first-order reaction rate with a mass balance of 
CSTR gives a relation between conversion of reactant and residence time as: 
 

 
( )

D

1

C

CC0 ⋅=
−

k        (3) 

 
where C0 is concentration of the reactant in the feed, C is a reactant concentration in 
the reactor, D is a dilution rate which is a reciprocal to residence time (τ), and k is a 
reaction rate constant. Applying the experimental data to the equation yields a 
reaction rate constant k, for every detoxification pH. Hence, the correlation of the 
kinetic constant with the detoxification pH can be expressed as an exponential 
relationship: 
 

 pH⋅⋅= BeAk         (4) 
 
where A and B are the parameters of the exponential relationship. The values of A 
and B are listed in Table 4.3. 
 
 

Table 4.3. The parameters of the exponential relationship 
between detoxification reaction kinetic constants (h−1) of 
sugars, furfural and HMF with detoxification pH in Eq. 4.  

 A B R
2
 

Sugars 3.786⋅10−8 1.257 0.9936 

Furfural 1.170⋅10−6 1.231 0.9759 

HMF 2.080⋅10−6 1.173 0.9936 

 
 
There are slight differences between the exponential parameter (B) for sugar and 
furans, whereas the constant parameter (A) is much lower for sugar than for furfural 
or HMF. Its consequence is that furan conversions are more favorable than sugar 
conversion in association with the detoxification pH. Conversely, the dilution rate of 
the detoxification process also affects the conversion of sugars and furans but in a 
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different way, as shown in Fig. 4.4. Combining these variables, one can maintain the 
sugar content while obtains a similar detoxification effect by applying a high 
detoxification pH at high dilution rate or lower detoxification pH at lower dilution 
rate. Thus the model is useful for estimating an operational condition of a continuous 
detoxification process. 
 
 

4.3.2 Fermentability of detoxified hydrolyzates 

 
The detoxified hydrolyzates were cultivated in anaerobic batch fermentation using 
yeast to investigate their fermentability. The low initial biomass concentration of 
0.106±0.005 g/L which diversely increased during cultivation to 0.388-2.625 g/L was 
chosen to avoid in-situ detoxification by yeast cells, which can cover the effect of 
overliming detoxification. The yeast hardly cultivated hydrolyzates detoxified at pH 9 
at all dilution rates, while increasing the detoxification pH resulted in an increased 
fermentability of the hydrolyzates (Paper II).   
 
In addition, the detoxified hydrolyzates were fed directly into a chemostat and carried 
out an anaerobic continuous cultivation using immobilized yeast. Under cultivation 
conditions, the beads held approximately 13.2 g-DW/L biomass with vitality more 
than 90%. All detoxified hydrolyzates were fermentable by this method of cultivation, 
although different sugar assimilation and ethanol yield were obtained. The highest 
sugar assimilation was obtained when cultivation was carried out with dilution rate of 
0.216 h-1 on hydrolyzates detoxified at pH 10. The ethanol yield lay in a range from 
0.39 to 0.46 g/g of consumed sugars, while the volumetric ethanol productivities 
varied from 1.6 up to 5.5 g/L·h. (Paper II).  
 
It has been shown that more biomass employed in cultivation can ferment the 
hydrolyzates that could not be fermented in batch cultivation (Paper II). The yeast 
probably could not face sudden high inhibitor concentration, especially when standing 
as free cells in cultivation broth. In contrast, cell immobilization can retain a high 
amount of cells and can therefore detoxify the inhibitors that are left from the 
detoxification process. A combination of continuous detoxification and continuous 
cultivation with cell immobilization could be a better solution to cultivate 
lignocellulosic hydrolyzates, especially at a high production rate. The following 
chapter discusses rapid continuous cultivation method using high cell concentration, 
with or without prior detoxification.  
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5. RAPID ETHANOL PRODUCTION 
 
 
A concept of continuous cultivation process has been developed in the current work to 
answer the need of rapid ethanol production for fuels and chemical in the near future. 
Batch cultivation is rarely applied for dilute-acid hydrolyzate cultivation since the 
cells is exposed directly to the high concentration level of inhibitors. This problem is 
commonly overcome by applying fed-batch cultivation where the concentrations of 
inhibitors in the media are controlled by regulation of the feeding (Converti et al., 
2003; Nilsson et al., 2001; Nilsson et al., 2002; Rudolf et al., 2005; Rudolf et al., 
2004; Taherzadeh et al., 1999b; Taherzadeh et al., 2000b). On the other hand, the 
continuous mode of cultivation has generally been of interest to minimize the total 
time of fermentation (Turton et al., 2003), increase the volumetric production rate of 
ethanol as well as decrease the investment cost  (Loukatos et al., 2003). In addition, 
since the bioreactor is fed continuously, it would be possible to avoid sudden 
inhibition to the yeast. Therefore, continuous cultivation mode is a suitable alternative 
for large-scale ethanol production.  
 
The continuous cultivation was targeted at the beginning of the current work to run at 
a dilution rate not less than 0.5 h-1. However, many obstacles have hindered the effort, 
such as the existence of inhibitors, low yield and productivity, as well as the 
cultivation techniques. Although the detoxification process is applied to get rid of 
inhibitors, the yeast capability to perform in-situ detoxification is also exploited, and 
thus it is nearly possible to cultivate hydrolyzates without any pretreatment. While the 
continuous cultivation of fresh hydrolyzates could not be performed using free cell at 
a dilution rate more than 0.1 h-1, cell immobilizations such as cell entrapment and cell 
encapsulation could perform the continuous cultivation until more than 0.5 h-1 
(Taherzadeh et al., 2001; Talebnia and Taherzadeh, 2006). However, at such a high 
dilution rate, not all sugar is assimilated, resulting in residual sugar in the 
fermentation effluent. In this chapter, the discussion is focused on the development of 
fermentation techniques which exploit the capability of yeast to carry out in-situ 
detoxification in addition to performing total sugar assimilation at high dilution rates.  
 
 

5.1. In-situ detoxification by S. cerevisiae 

 
 
S. cerevisiae has the capability to perform in-situ detoxification by converting the 
inhibitors present in the hydrolyzates into less toxic compounds (Chung and Lee, 
1985; Nishikawa et al., 1988). While it frequently fails in batch process, this 
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capability was successfully applied in a fed-batch cultivation of severely inhibiting 
hydrolyzates (Nilsson et al., 2001; Taherzadeh et al., 1999b). However, cell viability 
drastically decreased whenever the feed rate or toxicity of the hydrolyzates increased 
(Nilsson et al., 2001; Nilsson et al., 2002).  
 
Modig et al. (2002) has studied in vitro the inhibition effects of furfural on several 
enzymes including alcohol dehydrogenase (ADH), aldehyde dehydrogenase (AlDH) 
and pyruvate dehydrogenase (PDH). The existence of as much as 1 g/L furfural in 
hydrolyzates strongly affects the activity of PDH and AlDH while mildly affecting 
ADH activity. Consequently, it stops both pathways leading to acetyl-CoA from 
pyruvate, whereas the flux from pyruvate to ethanol may still proceed at an 
appreciable rate (Modig et al., 2002). Therefore, growth has been found to be more 
sensitive to furfural than ethanol production.  
 
In free cell continuous cultivation, cell growth is theoretically equal to the dilution 
rate at steady-state conditions; thus low cell growth due to inhibition causes a low 
dilution rate that can be applied. Dilution rates above this limit result in wash-out 
(Sárvári Horváth et al., 2003; Sárvári Horváth et al., 2001). The cell growth and 
fermentation also depend on initial cell concentration. It has been shown that the cells 
could neither grow nor assimilate the hydrolyzates when they exist in low 
concentration, whereas both growth and assimilation were obtained in cultivation 
using high cell concentration (Paper II). Since high cell density is needed to perform 
both in-situ detoxification and rapid fermentation, cell retention including cell 
immobilization or cell recirculation is usually employed. With cell immobilization, 
the dilution rate is not limited by cell growth rate any longer, because practically no 
wash-out occurs. However, the assimilation rate of cells hampers an excessive 
dilution rate, resulting in high residual sugar in the effluent. Fortunately, the 
assimilation rate is probably a function of cell density, i.e. a faster assimilation can be 
achieved by a higher cell density. Therefore, the rapid ethanol production from 
hydrolyzates can be achieved using a high density of immobilized cells.   
  
 

5.2. Hydrolyzate cultivation using entrapped cells 

 
 

5.2.1. Cell entrapment  

 
In the current work, the cell immobilization was carried out by dropping a mixture of 
inoculum and 3% Na-alginate solution through a syringe needle into a CaCl2 solution. 
Ca-alginate beads were formed with diameter around 3-3.5 mm with capacity about 
45,000 beads/L mixture. Under cultivation, the beads can hold about 13-40 g/L (dry 
weight) biomass with high vitality (more than 90%) (Papers II, III).  
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5.2.1.1. Cell density profile 

 
As an example (Paper III), the beads were made by an initial cell concentration of 
0.14 g/L. The immobilized cells were grown aerobically to provide enough cell 
density before being used for cultivation of hydrolyzates. After two weeks of 
hydrolyzate cultivation, the cells were mostly located in the outer layer of the bead 
(Fig. 5.1). This result is in agreement with other similar work (Laca et al., 2000; Laca 
et al., 1998; Wang et al., 1995).  
 
Inside the bead, cells grow at different rates due to the availability of the substrate, 
which is diffused throughout the bead. The cells remaining in the outer layer get more 
accessibility to the substrate as well as inhibitors, while the cells staying in the inner 
layer have more difficulty in getting at the substrate and therefore grow at a slower 
rate. The substrate concentration profile along the radius of the bead depends on 
substrate diffusivity as well as substrate consumption by the cells when it penetrates 
into the center of the bead. This profile can be determined by the Thiele modulus 
(Fogler, 1992; Laca et al., 1998), which is defined as the ratio of a local reaction rate 
to a rate of diffusion through the matrix. With determined effective diffusivity (data 
not shown) and bead diameter of 3.5 mm, the Thiele modulus for the beads used in 
hydrolyzate cultivation was calculated (details are not shown) and the values obtained 
were 4.18 and 1.39 for beads used in continuous cultivation of hydrolyzates at 
dilution rate of 0.22 and 0.86 h-1, respectively (Paper III). When the value of the 
Thiele modulus is larger than 1, then substrate assimilation is faster than substrate 
diffusion; thus less substrate distributes into the inner part of the bead, resulting in a 
concentrated cell profile close to the surface of the beads.  
 
 

 
 
It is beneficial to have high cell density at the surface of the bead because the cells 
can survive when they are exposed to the toxic hydrolyzates. However, since the 
assimilation is carried out mostly in the surface of the beads, the inner part of the 
beads becomes useless. Smaller bead size is preferable due to larger surface area and 
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Fig. 5.1 The profile of cell density at 
different positions inside the bead. 
The beads were used for hydrolyzate 
cultivation for two weeks at dilution 
rate of 0.43 h-1 (Paper III). 



 38 

thus gives higher cell concentration; however, making small beads is rather difficult 
and requires special equipment.  
 

5.2.1.2. Fluidized-bed bioreactor 

 
Attrition and breakage due to mechanical stress are drawbacks of cell immobilization 
using alginate matrix. The beads lost 30% of its initial weight in 7 days and the size 
decreased from 3.5 to 3.1 mm in diameter when used in a cultivation with stirring rate 
of 300 rpm. On the other hand, when stirring rate reduced to 200 rpm, the weight loss 
was recorded lower as 24% in 11 days and the reduction of the size was also lower, 
observed from 3.5 to 3.2 mm in diameter. In contrast, the faster stirring rate allowed 
cells to grow faster, increasing by 2.5 times in 7 days compared to only 1.7 times 
increase in 11 days at the slower mixing rate (Paper III).  
 
A fluidized-bed bioreactor (FBBR) was therefore used to avoid attrition and breakage. 
The mixing inside this reactor was carried out by bubbles of inert gas (pure nitrogen 
gas). There was insignificant weight loss and even larger size was observed due to 
swelling (±5%) during cultivation using FBBR. Table 5.1 shows the glucose 
assimilation and ethanol yield for cultivation using both continuous stirred-tank 
bioreactor (CBSTR) and FBBR (Paper III). The ethanol yields in CSTBR are higher 
than that in FBBR at all dilution rates; however, FBBR assimilated more glucose than 
CSTBR at the highest dilution rate applied.  
 
 

Table 5.1. The results of continuous cultivation of glucose in synthetic 
medium using immobilized S. cerevisiae in continuous stirred-tank 
bioreactor (CSTBR) and fluidized-bed bioreactor (FBBR). The feed 
contained glucose with concentration of 20 g/L. 

Glucose Assimilation (%)  Ethanol Yield (g/g)  D (h−1) 

CSTBR FBBR CSTBR FBBR 
0.22 100.0 97.7 0.49 0.47 
0.86 77.2 92.0 0.47 0.44 

 
 

5.2.2. Serial bioreactor 

 
A serial bioreactor is commonly used in ethanol production, which is mostly intended 
to increase the utilization of available substrates   (Godia et al., 1987; Tyagi and 
Ghose, 1980; Tzeng and Fan, 1991). Theoretically, fermentation is considered to be 
an autocatalytic reaction; thus a composition of tank reactor followed by tubular plug-
flow reactor is the best arrangement, where the tank reactor has an increasing reaction 
rate zone while a tubular reactor has a decreasing reaction rate zone (Trambouze and 
Euzen, 2004). However, it might be difficult – especially in aerobic process – to 
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design a tubular plug-flow reactor for this purpose. Still, it is possible to approximate 
the tubular reactor by a chain of tank reactors.  
 
A serial bioreactor consists of a continuous stirred-tank bioreactor (CSTBR), and a 
fluidized-bed bioreactor (FBBR) was used to cultivate synthetic medium containing 
20 g/L glucose. The result is compared to the single CSTBR with similar residence 
time, i.e. a single CSTBR with total volume 1 liter at dilution rate of 0.43 h-1 is 
compared with a serial bioreactor of CSTBR-FBBR with total volume 2 liters at 
dilution rate of 0.86 h-1 (Table 5.2). The results show that segregation only gained 
about 1.2% of glucose assimilation. Gooijer (1996) concluded that for autocatalytic 
processes, there is no type of kinetics where reactors in series are always superior to a 
single CSTR. The results are seemingly in agreement with this statement.     
 
 
Table 5.2. The results of continuous cultivation of glucose in synthetic medium 
using immobilized S. cerevisiae in a single continuous stirred-tank bioreactor 
(CSTBR) compared with a serial bioreactor of CSTBR and fluidized-bed 
bioreactor (FBBR). The feed contained glucose with concentration of 20 g/L 
(Paper III). 

Ethanol D 
(h-1) 

Glucose  
Assimilation (%) Yield (g/g) Productivity (g/L·h) 

Single CSTBR 
0.43 97.7 0.49 4.19 

Serial CSTBR-FBBR 
0.86 98.9 0.47 4.21 

 
 
Nevertheless, this behavior was not observed in cultivation of the hydrolyzate. The 
assimilation of fermentable sugars (hexoses) in hydrolyzate cultivation was much 
lower than the glucose assimilation in glucose cultivation at the same dilution rate 
(Table 5.3). For example, at cultivation in single CSTBR with dilution rate of 0.43 h-1, 
the yeast can only assimilate 75% sugar contained in hydrolyzates compared with 
97.7% sugar contained in synthetic medium. The inhibitors contained in hydrolyzates 
are probably responsible for the reduction of yeast fermentation capability. It has been 
shown that these compounds inhibit the growth of yeast and to some extent the 
production of ethanol. In addition, Modig et al. (2002) proposed a kinetic model of 
these furan inhibition reactions, which was categorized as a mixed non-
competitive/competitive model of inhibition. Hence, the rate of sugar assimilation in 
hydrolyzate cultivation is slower than that in synthetic medium cultivation. 
 
The addition of another bioreactor surprisingly helps to increase the sugar 
assimilation, especially at a high dilution rate. For cultivation with residence time of 
4.54 h (dilution rate of 0.22 and 0.43 h-1 for single and serial bioreactor), the addition 
of a second bioreactor gained only 2.3% of sugar assimilation, while a gain of 11.6% 
is obtained in cultivation with residence time of 2.32 h, equivalent to a dilution rate of 
0.43 and 0.86 h-1 for single and serial bioreactor (Table 5.3). Almost all furfural and 
parts of HMF were assimilated during cultivation. There are two reasons which are 
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closely related to each other: the wash-out behavior of a real reactor and the 
sluggishness of the reaction due to inhibition effect.   
 
 
Table 5.3. The results of continuous cultivation of dilute-acid hydrolyzate using 
immobilized S. cerevisiae in single continuous stirred-tank bioreactor (CSTBR) and 
series of CSTBR and fluidized-bed bioreactor (FBBR). The initial total concentration 
of the fermentable sugars (glucose, mannose and galactose) was 28.4 g/L (Paper III). 

Yields  
(g/g) 

 Furan Conversion  
(%) 

 
D 
(h−1) 

Sugars 
assimilation 
(%) 

Ethanol 
Productivity 
(g/(L⋅h)) Ethanol Glycerol  Furfural HMF 

Single CSTBR 
0.22 97.7 2.70 0.44 0.050 100.0 85.8 
0.43 75.0 4.63 0.45 0.051 100.0 74.5 
0.65 61.1 5.20 0.43 0.065 100.0 47.6 
0.86 54.4 5.98 0.41 0.068 96.2 41.4 

Serial CSTBR-FBBR 
0.22 100.0 1.42 0.46 0.049 100.0 93.4 
0.43 100.0 2.84 0.48 0.050 100.0 85.9 
0.65 92.0 4.43 0.48 0.059 100.0 78.8 
0.86 86.6 5.49 0.48 0.064 100.0 75.3 

 
 
In cultivation at low dilution rate, there is enough reaction time, whereas at higher 
dilution rates the substrate partially washed out due to lack of sufficient reaction time. 
The washout behavior is a non-ideality of real reactors and has been explained in 
many reactor handbooks (Nauman, 2001; Trambouze and Euzen, 2004). The washout 
function, W(t), is defined as the fraction of molecules leaving the system that have 
experienced a residence time greater than t. The mathematical descriptions of washout 
function for single and multiple stirred tanks are: 
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where τ is residence time and N is the number of tanks in series. These equations 
show that a serial tank reactor experiences longer residence time and therefore 
facilitates the reaction to increase the conversion. Moreover, for the first-order 
reaction, the fraction of escaping molecules A, YA, can be described as: 
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where ain and aout are the amounts of A entering and leaving the reactor and k is a 
first-order reaction constant. It is clearly seen that even though the washout function 
provides adequate effect on the conversion, the kinetic of the reaction is still 
considerable. Since the inhibition causes sluggishness to the overall assimilation rate 
of cells, the breakthrough of substrate is increased.  
 
Applying other bioreactors in series gives an advantage in increasing the sugars 
assimilation of hydrolyzates. However, the actual condition is not as simple as in an 
ordinary chemical reaction. Presumably, the first bioreactor suffers more inhibition 
than the following bioreactor, thus leading to a kinetic which is heterogeneous in time 
or space (Gooijer et al., 1996). In this case, the use of bioreactors in series is superior.  
 
 

5.3. Hydrolyzate cultivation using flocculating yeast 

 
 
Cell recirculation is another method to provide high cell density in the bioreactor 
during continuous cultivation. The cells can be recycled by means of separation 
equipment such as filter and centrifuge. In hydrolyzate cultivation, the toxicity and the 
presence of particles in hydrolyzates hinder these methods from being developed  
(Brandberg et al., 2005). Moreover, high shear stress caused by centrifugation can 
significantly damage the cells, thus decreasing their viability (Bailey and Ollis, 1986).  
 
Flocculating yeast has been widely investigated and applied in brewery industries  
(Verstrepen et al., 2003). A lectin-like protein, so-called flocculins, sticks out of the 
cell walls and selectively binds mannose residues present in adjacent yeast cells. This 
flocculating process is reversible, asexual and calcium-dependent  (Verstrepen et al., 
2003). The cells can easily be separated in the simple settler, and thus less mechanical 
stress is applied and high cell viability can be maintained.  
 
 

5.3.1. The performance of flocculating yeast 

 
The flocculating yeast strain of S. cerevisiae used in this study was obtained from an 
ethanol plant in Sweden. This strain was quite fast to flocculate and settled down 
easily and quickly, which is a clear advantage to be used in continuous fermentation 
with cell-recycle systems (Paper IV). The flocks were in the range of 0.2 mm – when 
adequate mixing had been applied – to 2 mm when they formed aggregates. The 
average sinking velocity is 98 mm/sec for flock with diameter around 1 mm. Because 
of its ease of accumulation, flocculating yeast successfully cultivated severe 
undetoxified dilute-acid hydrolyzates in continuous-mode operation at high dilution 
rates. This could be a breakthrough in cultivation of toxic lignocellulosic 
hydrolyzates.  
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Flocculating yeast grows slower than the known lab strain of S. cerevisiae CBS 8066 
in aerobic batch cultivation. The maximum specific growth rate (µmax) of flocculating 
yeast is slightly lower than that of CBS strain (Paper IV). Moreover, anaerobic 
growths of flocculating yeast were also tested in batch cultivation using defined 
synthetic medium, yeast-peptone-dextrose medium and hydrolyzates. Even though 
there was neither deficiency nor stimulation regarding these media, flocculating yeast 
shows significant lag-phases. The CBS strain assimilated 95% of glucose in less than 
15 h while flocculating yeast took more than 25 h to reach this level (Fig. 5.2). 
Furthermore, both strains had practically similar yields of biomass and ethanol, while 
flocculating yeast yielded less glycerol than the CBS strain (Paper IV).  
 
The flocculating yeast was also evaluated in anaerobic continuous cultivation using 
20 g/L glucose as carbon and energy source. The cultivations were successfully 
carried out at dilution rates of 0.4 and 0.8 h-1. The bioreactor held cells with 
concentration of 7.4 g/L during all experiments while cell concentration in the 
effluent of the settler was 0.33±0.01 g/L. The effluent cell concentration seems to be 
independent either of dilution rate or of cell concentration inside the bioreactor. The 
ethanol yield in these continuous cultivations was 0.43 g/g of consumed fermentable 
sugar.  
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Fig. 5.2. Glucose assimilation on 
anaerobic batch cultivation of: (�) S. 
cerevisiae CBS 8066 on glucose and 
defined synthetic medium (DSM); 
(�) Flocculating yeast on glucose in 
defined synthetic medium (DSM); 
(�) Flocculating yeast on 
hydrolyzates in DSM; and (�) 
Flocculating yeast on glucose in YPD 
medium (Paper IV). 
 

 
 
The cells can grow in a favorable environment and accumulate until a concentration 
more than 50 g-DW/L. This advantageous flocculating property is a key factor for 
providing high cell concentration in a bioreactor so that the system has a capability to 
cultivate a toxic material. 
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5.3.2. Continuous hydrolyzate cultivation by flocculating yeast 

 
Flocculating yeast could successfully cultivate severely inhibiting hydrolyzates at 
dilution rate range of 0.13 up to 0.52 h-1 in a single bioreactor with a recycling system 
(Table 2 in Paper IV). In addition, the viability of flocculating yeast during cultivation 
is not less than 85%. The traditional chemostat with free cells could only tolerate low 
concentration of inhibitors and low dilution rate  (Sárvári Horváth et al., 2001), while 
the immobilization such as cell encapsulation  (Taherzadeh et al., 2001) (Papers II, 
III) and cell encapsulation (Talebnia and Taherzadeh, 2006) was possible to achieve a 
higher dilution rate of 0.6 and 0.5 h-1 respectively. Talebnia and Taherzadeh (2006) 
show that the cells present in a colony in e.g. capsule can protect each other against 
the inhibitors in cultivation of toxic hydrolyzates. There is probably a similar 
phenomenon in continuous cultivation of toxic hydrolyzate by flocculating yeast. 
There is no clear explanation yet regarding how the cells can survive due to 
inhibition. However, the morphology of the cells which stick together with high 
numbers of cell members probably gives a possibility for the cells to work in concert 
and protect each other against inhibitors. This means that the cells at the outer layer of 
the population are sacrificed and protect the other cells by converting toxic materials.  
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Fig. 5.3. The trend of cell concentration inside the bioreactor 
(�) and in the effluent of the settler (�) in anaerobic 
continuous cultivation of the hydrolyzate with the flocculating 
yeast. The dashed line distinguishes when the nitrogen source 
was present or absent in the defined medium.  

 
 
Most of the fermentable sugars (glucose, galactose and mannose) were assimilated 
and only 3.8% of fermentable sugars remain in the effluent at the highest dilution rate 
applied (Table 2 in Paper IV). Applying a serial bioreactor did not give any 
significant advantage in terms of sugar assimilation (Table 3 in Paper IV). However, 
it should be noticed that the first bioreactor could successfully convert more than 87% 
of the incoming sugars in a residence time less than one hour. The inhibitors could not 
affect the cells at this very high dilution rate. The ethanol yield is in the range of 0.42-
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0.46 g/g consumed sugars while glycerol as the main by-product has a rather high 
yield of 0.05-0.07 g/g. All furfural and 92% of HMF were consumed, and acetic acid 
was partially consumed.  
 
Providing a Nitrogen-source (ammonium sulfate) medium resulted in increase of cell 
concentration. If there is no action to control the cell growth, it has been experienced 
that the cell could reach a concentration of more than 50 g-DW/L (Fig. 5.3). 
Cultivation with high cell concentration leads to various technical problems as well as 
more energy required. With no nitrogen source fed into the bioreactor, the 
flocculating yeast could survive and produce ethanol from hydrolyzates for 37 
residence times and the cell concentration remain at 20-30 g-DW/L biomass while the 
effluent just contained 0.31-0.37 g-DW/L biomass. The nitrogen source supply may 
therefore be a good manipulated control variable to maintain the cell concentration at 
an appropriate level, neither too low – which leads to a cultivation failure due to 
inhibition – nor too much, which leads to technical problem and high maintenance.  
 
A drawback of flocculating yeast is the mass transfer problem. Glucose transport and 
oxygen transport are two important mass transfers of the microorganism among other 
metabolites since those compounds are accounted as substrates. However, the oxygen 
transport is not important in anaerobic cultivation subjected to ethanol production. 
Diffusivity coefficients of glucose and oxygen for flocculating yeast are about 17% 
and less than 1% compared with their diffusivity in pure water  (Vicente et al., 1998). 
Consequently, flocculating yeast takes approximately twice the time of free cells to 
complete anaerobic cultivation (cf. Fig. 5.2). Mixing rate could help to resolve the 
mass transfer problem, but high mechanical stress might be harmful to the 
microorganism. Although flocculating yeast has a lower specific growth rate due to 
the mass transfer problem, providing a higher cell density could compensate for this 
and result in high sugar assimilation in cultivation of toxic hydrolyzate at high 
dilution rate.  
 
 

5.4. The concept of rapid continuous ethanol production 

 
 
It has been discussed in previous chapter that lignocellulosic materials are 
economically favorable as a feedstock for large scale ethanol production to fulfill 
huge demand of fuel ethanol in the future. A fast continuous operation mode seems to 
be practically suitable to meet the demand. Recently, dilute-acid hydrolysis seems to 
be a suitable fast hydrolysis although remains problems for following ethanol 
production process. Some by-products liberated during acid hydrolysis are toxic and 
inhibit microorganisms in cultivation process. They cause low ethanol yield thus 
result low ethanol productivity as well as high residual sugar. As a consequence, 
dilute-acid hydrolyzate cultivation cannot be cultivated at high dilution rate due to 
wash out. 
  
The concept developed in this work is an alternative solution for those problems. The 
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concept is focused on the possibility of dilute-acid hydrolyzate cultivation at high 
dilution rate. There are two main interests in achieving this goal: to reduce the 
inhibition effect of hydrolyzates by performing detoxification; and increase the 
productivity of cultivation (cf. Fig. 5.4). Detoxification of the inhibiting compound in 
hydrolyzates is carried out chemically e.g. by using lime, as well as exploiting a 
capability of yeast itself to carry out detoxification in-situ. Moreover, high 
productivity of cultivation is performed by providing sufficient biocatalyst, higher 
performance biocatalyst as well as reaction time. For example, cell immobilization 
such as cell entrapment and cell flocculation are two methods employed in this work 
to provide sufficient yeast cells as biocatalysts, while serial bioreactor is a method to 
increase reaction time as well as to accommodate a heterogeneous reaction behavior 
in hydrolyzates cultivation.  
 
 

 

Fig. 5.4. The concept of robust ethanol production  
from dilute-acid hydrolyzates 

 
 
The results of the current work have shown that detoxification with lime can 
significantly decrease the inhibition effect of hydrolyzates even though sufficient 
amount of sugars were lost (Paper I). The kinetics of overliming process has been 
developed to figure out the mechanism of this process, thus a better process could be 
developed. A continuous overliming process was then developed by acquiring the 
kinetics model (Paper II). Using continuous overliming process, most of sugar could 
be saved while similar detoxification effects were obtained. The chemical 
detoxification might be beneficial to be carried out prior cultivation for process 
stability reason against fluctuating hydrolyzate compositions.   
 
In-situ detoxification by Saccharomyces cerevisiae could be applied together with 
chemical detoxification (Paper II, III), or in some extent could also be as a sole 
detoxification process together with cultivation (Paper IV). However, in-situ 
detoxification needs high amount of cells to carry out this process, and then cell 
immobilization method is therefore necessary. Cell flocculation has been shown to be 
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the best method due to low energy requirement for cell recycling and less mechanical 
stress to the yeast (Paper IV). This method could retain high amount of cells to carry 
out in-situ detoxification thus hydrolyzates cultivation could be carried out without 
prior chemical detoxification. When the microorganism has no ability to flocculate, 
other cell immobilization methods such as cell entrapment or cell encapsulation have 
been shown to be success in retaining high amount of cells thus could perform in-situ 
detoxification (Paper II).  
 
High sugar assimilation and high ethanol productivity are important in ethanol 
production. Those process variables could be achieved by providing enough either 
yeast cells as biocatalysts or reaction time to complete the sugar conversion into 
ethanol. Cultivation with recycled flocculating yeast has shown that high sugar 
assimilation and ethanol production could be obtained by using high cell density 
(Paper IV). While high cell concentration cannot be obtained, extending reaction time 
by application of serial bioreactor is a solution to increase sugar assimilation and 
ethanol production (Paper III). In addition, serial bioreactor is superior for 
hydrolyzate cultivation due to its heterogeneous reaction behavior.    
 
The concept proposed in the current work is not limited by the methods applied. Other 
chemical detoxification agents such as ammonia or charcoal can be used as 
alternatives to lime as long as their kinetic behaviors are quite similar to that of the 
lime. Obtaining a high cell concentration by other methods such as cell recirculation 
using filtration or centrifugation is also possible as long as a high viable cell 
concentration is obtained to perform in-situ detoxification in addition to providing 
enough biocatalysts for ethanol conversion. Moreover, other types of microorganism 
are possible to alter yeast in order to apply their specialties e.g. recombinant yeasts or 
bacteria that are able to assimilate pentoses, more tolerant microorganisms against 
toxic hydrolyzates etc.  
 
Although the concept sounds promising, some drawbacks are accounted. Firstly, 
performing detoxification prior cultivation needs additional cost, in some extent 
produces wastes, and degrades valuable sugars. Secondly, cell immobilization by 
using immobilization is also cost intensive. Moreover, cell immobilizations such as 
cell entrapment and cell encapsulation have a mass-transfer problem since some cells 
are not directly exposed to fermentation broth. In a long duration of cultivation, the 
immobilization matrix is also degraded thus results an immobilization stability 
problem.  
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6. CONCLUSIONS  
 
 
The main outcome of the current study is a concept of continuous ethanol production 
from dilute-acid hydrolyzates which is focused on a combination of chemical 
detoxification and cultivation using high cell concentration. The concept gives a 
possibility to carry out rapid ethanol production from dilute-acid hydrolyzates, and it 
has been demonstrated that dilute-acid hydrolyzates can be cultivated at dilution rate 
more than 0.5 h-1.  
 
The key factor in continuous cultivation of dilute-acid hydrolyzates is laid on the 
capabilities of the applied microorganisms to perform in-situ detoxification in 
addition to become biocatalysts for ethanol production. The capabilities are depended 
on the nature of microorganisms in regard of their tolerance against the inhibition by 
inhibitors in the hydrolyzates, and the cells concentration in the cultivation broth. Cell 
recirculation and cell immobilization have been demonstrated to be good methods for 
retaining the cells inside bioreactors. In some extent, in-situ detoxification by 
microorganisms can override the chemical detoxification and lead to a simpler 
process.  
 
Detoxification of hydrolyzates is very useful when cultivation is carried out using a 
less tolerant strain. It has been demonstrated that detoxification with lime improves 
the fermentability of hydrolyzates. An optimal strategy of detoxification process 
should be considered since chemical detoxification also degrades valuable sugars, 
cost extensive and produces waste. Continuous detoxification can significantly 
safeguard the sugars in hydrolyzates whereas severe detoxification conditions are 
harsh for converting these sugars in batch mode. The kinetic study has shown that the 
technique of adding lime to hydrolyzates is crucial to avoid harsh degradation of the 
sugars.  
 
When cultivation meets difficulties in sugar assimilation due to inhibitors contained in 
dilute-acid hydrolyzates, a serial bioreactor has been demonstrated to solve the 
problem. The completeness of assimilation is very important to achieve high ethanol 
productivity.  
 
Combination of hydrolyzate detoxification, cell immobilization and serial bioreactor 
may be a general solution for rapid dilute-acid hydrolyzate continuous cultivation. 
With any choice of microorganisms (yeast, bacteria or fungi) or hydrolyzates (i.e. rich 
pentose hydrolyzates or concentrated hydrolyzates), this concept can work in concert 
to perform a high-performance rapid continuous cultivation.  
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7. FUTURE STUDIES 
 
  
The current work is only a part of efforts throughout the world to find the best 
alternatives in overcoming society’s fuel problems. The continuity of this work is 
necessary for development of ethanol production as well as the utilization of 
lignocellulosic materials. Therefore, a number of suggestions may be useful for 
continuing the work.  
 
Further development of rapid continuous ethanol production 

 
The above findings still leave some problems and questions unresolved. Although 
overliming has been shown to be a good detoxification method, precipitate produced 
by this process would probably lead to environmental difficulties. Other 
detoxification agents such as ammonia might be good to apply, but still need 
consideration, especially in relation to the yeast growth. Excessive cell growth can 
cause high energy consumption. 
 
This study shows the promising capability of flocculating yeast to accumulate and 
develop high cell concentration. However, the best cell concentration has not been 
found yet, and it could vary with the kind of hydrolyzates. Excessive yeast causes 
high energy consumption while the lack of cells leads to fermentation failure. The 
investigation of the best cultivation conditions is necessary in addition to the 
development of a control system for flocculating cell concentration, including the 
development of a measuring device and system as well as its control strategy.  
 
The concept developed in the current study needs to be developed further for more 
concentrated hydrolyzates, since too dilute hydrolyzates can be a burden for the 
following separation process. Obviously, the composition of hydrolyzates may 
significantly change, and the strategy developed in this study has to be adjusted.  
 
 
The use of lignocellulosic hydrolyzates for other purposes 

 
Ethanol may not be the only ultimate product from lignocellulosic hydrolyzates. The 
success in development of rapid ethanol production probably opens opportunities to 
alter the ultimate product instead of ethanol, with possibilities such as biodegradable 
plastics, single-cell protein, enzymes and biogas.  
 
For example, the use of lignocellulosic hydrolyzates in biogas production probably 
could be a breakthrough in recent biogas development and lead to more rapid 
production. The acidogenic and methanogenic steps could be separated by 
immobilizing bacteria involved in both steps and placed in a serial bioreactor. The 
control of these reaction steps could be easier and produce a higher yield.  
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NOMENCLATURE 

 

A Constant of correlation between the reaction rate constant and the 
detoxification pH (h-1). 

ain, aout The amount of A entering and leaving the reactor (g). 

B Exponential constant of correlation between the reaction rate and the 
detoxification pH. 

C Concentration of substrate, i.e. sugars, furfural or HMF (g/L). 

C0 The initial concentration of the substrate (g/L). 

D Dilution rate (h-1). 

ki Reaction rate constant (min-1) of elementary reaction. 

K Equilibrium constant. 

k First-order reaction rate constant (h-1). 

N Number of tanks in series. 

r Distance of the position relative to the center of the bead (m). 

R Bead radius (m). 

W Washout function. 

x Molar ethanol fraction in liquid phase 

y Molar ethanol fraction in gas phase 

YA Fraction of escaping molecule A. 

µmax Maximum specific growth rate (h-1). 

τ Residence time (h). 

  

 
 
 
 
 
 



 52 



 53 

ACKNOWLEDGEMENT 

 
 
It would have been impossible to make this thesis without the help and support of 
several persons:  
 
First of all I would like to express my sincere gratitude to my supervisor, Professor 
Mohammad J. Taherzadeh, for his excellent guidance throughout this work. 
Mohammad has always time for discussions, full of encourage and patience. Thank 
you for your generous scientific and practical knowledge as well as for letting me 
becomes a PhD student in such interesting and promising field.  
 
I would like to thank Professor Claes Niklasson, my examinator and Professor 
Chirster Larsson, the director of School of Bioscience, who always concern about my 
PhD study. Your encouragements and supports were very reviving. Thanks to Prof. 
Bengt Andersson for nice discussions about the kinetic model.  
 
Tomas Brandberg, Ilona Sárvári Horváth, Farid Talebnia and Ria Millati have given 
great contributions and inputs to my work, I really appreciate for those. Thanks to 
Tatiana Svedén and Päivi Ylitervo for many help during my research in the lab.  
 
Thank you for all people who constantly gave a pleasant working environment during 
my research in CRE-Chalmers: Jan, Derek, Kompiang, Love, Ronnie, Rahman, 
Hanna, Anna, Indra, Mounir, Jonas, Mattias, Martin, Fredrik, Mikael and Karimi. In 
particular, thanks to Carl Johan Franzén and Michael Johansson for being my 
neighbors, Agneta Berglin for ordering all stuff, Linda Hellstörm for nice pictures, 
and particularly Marrianne Sognell for a lot of help of all practical things.  
 
I also would like to thank all people in School of Engineering in Högskolan i Borås 
for a nice working atmosphere. Appreciation to Charlotte and Louise for good 
administration helps. Thanks to Mikael Skrifvars for nice lectures of Biopolymer. 
Dag, Peter, Robert, Dan, Elisabeth, Hans, thank you for good collaborations. In 
particular, thank you to Jonas Hanson for a lot of practical help.    
 
I am grateful to all my friends in Göteborg and Borås for our friendships. Thanks to 
my friends in Indonesian community for our togetherness. Appreciation is also 
addressed to Indonesian Embassy for great helps. Gratitude is given to my colleagues 
in Institut Teknologi Bandung for their great silent encouragement and support during 
my study in Sweden.  
 
Finally, I wish to thank my wife Vera, and my sons, Joshua and Joseph, for great 
understanding during difficult times. Admiration is dedicated to my parent for endless 
supports and hopes. Your great love and care are unforgettable.  
 
 
  



 54 

 



 
 

55 

REFERENCES 

 
 
Abbi, M., et al., 1996. Bioconversion of pentose sugars to ethanol by free and 

immobilized cells of Candida shehatae (NCL-3501): Fermentation behaviour. 
Process Biochemistry 31(6):555. 

 
Aguilar, R., et al., 2002. Kinetic study of the acid hydrolysis of sugar cane bagasse. 

Journal of Food Engineering 55(4):309-318. 
 
Alriksson, B., et al., 2005. Ammonium Hydroxide Detoxification of Spruce Acid 

Hydrolysates. Applied Biochemistry and Biotechnology 121-124:911-922. 
 
Armstrong, S. M., 1999, Ethanol: Brief Report on its Use in Gasoline (544-etoh), 

EPA, http://www.epa.gov 
 
Bailey, J. E. and Ollis, D. F., 1986. Biochemical Engineering Fundamental, 2nd 

edition. McGraw-Hill, New York. 
 
Bernesson, S., et al., 2006. A limited LCA comparing large- and small-scale 

production of ethanol for heavy engines under Swedish conditions. Biomass 
and Bioenergy 30(1):46. 

 
Birol, G., et al., 1998. Mathematical description of ethanol fermentation by 

immobilised Saccharomyces cerevisiae. Process Biochemistry 33(7):763-771. 
 
Bony, M., et al., 1997. Localization and cell surface anchoring of the Saccharomyces 

cerevisiae flocculation protein Flo1p. Journal of Bacteriology 179(15):4929-
4936. 

 
Bony, M. and Blondin, P. B. B., 1998. Distribution of the flocculation protein, Flop, 

at the cell surface during yeast growth: The availability of Flop determines the 
flocculation level. Yeast 14(1):25-35. 

 
Brandberg, T., et al., 2005. Continuous Fermentation of Undetoxified Dilute Acid 

Lignocellulose Hydrolysate by Saccharomyces cerevisiae ATCC 96581 Using 
Cell Recirculation. Biotechnology Progress 21(4):1093-1101. 

 
Canilha, L., et al., 2004. Eucalyptus hydrolysate detoxification with activated charcoal 

adsorption or ion-exchange resins for xylitol production. Process Biochemistry 
39(12):1909. 

 
Carvalho, W. d., et al., 2004. Detoxification of sugarcane bagasse hemicellulosic 

hydrolysate with ion-exchange resins for xylitol production by calcium 
alginate-entrapped cells. Journal of Chemical Technology and Biotechnology 
79:863-868. 



 
 
56 

 
Choi, C. H. and Mathews, A. P., 1996. Two-step acid hydrolysis process kinetics in 

the saccharification of low-grade biomass.1. Experimental studies on the 
formation and degradation of sugars. Bioresource Technology 58(2):101-106. 

 
Chung, I. S. and Lee, Y. Y., 1985. Ethanol fermentation of crude acid hydrolyzate of 

cellulose using high-level yeast inocula. Biotechnology and Bioengineering 
27(3):308-315. 

 
Converti, A., et al., 2000. Wood hydrolysis and hydrolysate detoxification for 

subsequent xylitol production. Chemical Engineering Technology 23:1013-
1020. 

 
Converti, A., et al., 2003. Simplified modeling of fed-batch alcoholic fermentation of 

sugarcane blackstrap molasses. Biotechnology and Bioengineering 84(1):88-
95. 

 
Decamps, C., et al., 2004. Continuous Pilot Plant-Scale Immobilization of Yeast in κ-

Carrageenan Gel Beads. AIChE Journal 50(7):1599-1605. 
 
Delgenes, J. P., et al., 1996. Effects of lignocellulose degradation products on ethanol 

fermentations of glucose and xylose by Saccharomyces cerevisiae, 
Zymomonas mobilis, Pichia stipitis, and Candida shehatae. Enzyme and 
Microbial Technology 19(3):220. 

 
Demirbaş, A., 2004. Ethanol from Cellulosic Biomass Resources. International 

Journal of Green Energy 1(1):79-87. 
 
Farrell, A. E., et al., 2006. Ethanol Can Contribute to Energy and Environmental 

Goals. Science 311(5760):506-508. 
 
Fogler, H. S., 1992. Elements of Chemical Reaction Engineering. Prentice-Hall, Inc., 

New Jersey. 
 
Galbe, M. and Zacchi, G., 2002. A review of the production of ethanol from 

softwood. Applied Microbiology and Biotechnology 59(6):618. 
 
Godia, F., et al., 1987. A survey of continuous ethanol fermentation systems using 

immobilized cells. Process Biochemistry 4:43-48. 
 
Gooijer, C. D. d., et al., 1996. Bioreactors in series: An overview of design procedures 

and practical applications. Enzyme and Microbial Technology 18:202-219. 
 
Hoffert, M. I., et al., 2002. Advanced Technology Paths to Global Climate Stability: 

Energy for a Greenhouse Planet. Science 298(5595):981-987. 
 



 
 

57 

Howard, R. L., et al., 2003. Lignocellulose biotechnology: issues of bioconversion 
and enzyme production. African Journal of Biotechnology 2(12):602-619. 

 
Hu, Z., et al., 2004. Economics, environment, and energy life cycle assessment of 

automobiles fueled by bio-ethanol blends in China. Renewable Energy 
29(14):2183. 

 
Ingram, L. O., et al., 1999. Enteric Bacterial Catalysts for Fuel Ethanol Production. 

Biotechnology Progress 15(5):855-866. 
 
Javadekar, V. S., et al., 2000. A mannose-binding protein from the cell surface of 

flocculent Saccharomyces cerevisiae (NCIM 3528): its role in flocculation. 
Yeast 16(2):99-110. 

 
Jeffries, T. W., 2006. Engineering yeasts for xylose metabolism. Current Opinion in 

Biotechnology 17(3):320. 
 
Jönsson, L. J., et al., 1998. Detoxification of wood hydrolysates with laccase and 

peroxidase from the white-rot fungus Trametes versicolor. Applied 
Microbiology and Biotechnology 49(6):691. 

 
Jorgensen, H., et al., 2003. Separation and quantification of cellulases and 

hemicellulases by capillary electrophoresis. Analytical Biochemistry 
317(1):85. 

 
Kadam, K. L., 2002. Environmental benefits on a life cycle basis of using bagasse-

derived ethanol as a gasoline oxygenate in India. Energy Policy 30(5):371. 
 
Karel, S. F., et al., 1985. The immobilization of whole cells: Engineering principles. 

Chemical Engineering Science 40(8):1321. 
 
Kim, S. and Dale, B. E., 2005. Environmental aspects of ethanol derived from no-

tilled corn grain: nonrenewable energy consumption and greenhouse gas 
emissions. Biomass and Bioenergy 28(5):475. 

 
Klinke, H. B., et al., 2003. Potential inhibitors from wet oxydation of wheat straw and 

their effect on ethanol production of Saccharomyces cerevisiae: wet oxydation 
and fermentation by yeast. Biotechnology and Bioengineering 81(6):738-747. 

 
Kourkoutas, Y., et al., 2004. Immobilization technologies and support materials 

suitable in alcohol beverages production: a review. Food Microbiology 
21:377-397. 

 
Laca, A., et al., 1998. Modelling and description of internal profiles in immobilized 

cells systems. Biochemical Engineering Journal 1:225. 
 



 
 
58 

Laca, A., et al., 2000. Analysis and description of the evolution of alginate 
immobilized cells systems. Journal of Biotechnology 80:203-215. 

 
Larsson, S., et al., 1999a. The generation of fermentation inhibitors during dilute acid 

hydrolysis of softwood. Enzyme and Microbial Technology 24(3-4):151-159. 
 
Larsson, S., et al., 1999b. Comparison of Different Methods for the Detoxification of 

Lignocellulose Hydrolyzates of Spruce. Applied Biochemistry and 
Biotechnology 77-79:91-103. 

 
Lavarack, B. P., et al., 2000. Measured kinetics of the acid-catalysed hydrolysis of 

sugar cane bagasse to produce xylose. Catalysis Today 63(2-4):257-265. 
 
Lee, W. G., et al., 1999a. Ethanol Production Using Concentrated Oak Wood 

Hydrolysates and Methods to Detoxify. Applied Biochemistry and 
Biotechnology 77-79:547-559. 

 
Lee, Y. Y., et al., 1999b. Dilute-Acid Hydrolysis of Lignocellulosic Biomass. 

Advances in Biochemical Engineering/Biotechnology 65:93-115. 
 
Leonard, R. and Hajny, G., 1945. Fermentation of wood sugars to ethyl alcohol. 

Industrial Engineering Chemistry 37(4):390-395. 
 
Liu, Z. L., et al., 2004. Adaptive response of yeasts to furfural and 5-

hydroxymethylfurfural and new chemical evidence for HMF conversion to 
2,5-bis-hydroxymethylfuran. Journal of Industrial Microbiology and 
Biotechnology 31:345-352. 

 
Logsdon, J. E., 2006. Ethanol, in: R. E. Kirk, D. F. Othmer, et al. (Eds.), 

Encyclopedia of Chemical Technology. John Wiley & Sons, Inc., New York. 
 
Lopez, M. J., et al., 2004. Isolation of microorganisms for biological detoxification of 

lignocellulosic hydrolysates. Applied Microbiology and Biotechnology 
64(1):125. 

 
Loukatos, P., et al., 2003. A new technological approach proposed for distillate 

production using immobilized cells. Journal of Bioscience and Bioengineering 
95(1):35-39. 

 
Lozinsky, V. L. and Plieva, F. M., 1998. Poly(vinyl alcohol) cryogels employed as 

matrices for cell immobilization. 3. Overview of recent research and 
developments. Enzyme and Microbial Technology 23:227-242. 

 
Luo, C., et al., 2002. Identification of potential fermentation inhibitors in conversion 

of hybrid poplar hydrolyzate to ethanol. Biomass and Bioenergy 22:125-138. 
 



 
 

59 

Martin, C., et al., 2002. Ethanol production from enzymatic hydrolysates of sugarcane 
bagasse using recombinant xylose-utilising Saccharomyces cerevisiae. 
Enzyme and Microbial Technology 31(3):274. 

 
Martinez, A., et al., 2000. Effects of Ca(OH)2 treatments ("overliming") on the 

composition and toxicity of bagasse hemicellulose hydrolysates. 
Biotechnology and Bioengineering 69(5):526-536. 

 
Martinez, A., et al., 2001. Detoxification of dilute acid hydrolysates of lignocellulose 

with lime. Biotechnology Progress 17(2):287-293. 
 
Massad, E., et al., 1985. Acute toxicity of gasoline and ethanol automobile engine 

exhaust gases. Toxicology Letters 26(2-3):187. 
 
Mathews, C. K., et al., 2000. Biochemistry. Addison Wesley Longman, Inc., San 

Francisco. 
 
Millati, R., et al., 2002. Effect of pH, time and temperature of overliming on 

detoxification of dilute-acid hydrolyzates for fermentation by Saccharomyces 
cerevisiae. Process Biochemistry 38(4):515-522. 

 
Millati, R., et al., 2005. Performance of Rhizopus, Rhizomucor, and Mucor in ethanol 

production from glucose, xylose, and wood hydrolyzates. Enzyme and 
Microbial Technology 36(2-3):294. 

 
Miyafuji, H., et al., 2003a. Effect of wood ash treatment on improving the 

fermentability of wood hydrolysate. Biotechnology and Bioengineering 
84(3):390-393. 

 
Miyafuji, H., et al., 2003b. Detoxification of wood hydrolysates with wood charcoal 

for increasing the fermentability of hydrolysates. Enzyme and Microbial 
Technology 32:396-400. 

 
Modig, T., et al., 2002. Inhibition effects of furfural on alcohol dehydrogenase, 

aldehyde dehydrogenase and pyruvate dehydrogenase. Biochemical Journal 
363:769-776. 

 
Mussatto, S. I., et al., 2004. Effect of pH and activated charcoal adsorption on 

hemicellulosic hydrolysate detoxification for xylitol production. Journal of 
Chemical Technology and Biotechnology 79:590-596. 

 
Nauman, E. B., 2001. Chemical Reactor, Design, Optimization and Scaleup. McGraw 

Hill, New York. 
 
Nigam, J. N., 2000. Continuous ethanol production from pineapple cannery waste 

using immobilized yeast cells. Journal of Biotechnology 80(2):189-193. 
 



 
 
60 

Nigam, J. N., 2001. Ethanol production from wheat straw hemicellulose hydrolysate 
by Pichia stipitis. Journal of Biotechnology 87(1):17-27. 

 
Nigam, J. N., 2002. Bioconversion of water-hyacinth (Eichhornia crassipes) 

hemicellulose acid hydrolysate to motor fuel ethanol by xylose-fermenting 
yeast. Journal of Biotechnology 97(2):107-116. 

 
Nilsson, A., et al., 2001. Use of dynamic step response for control of fed-batch 

conversion of lignocellulosic hydrolyzates to ethanol. Journal of 
Biotechnology 89(1):41. 

 
Nilsson, A., et al., 2002. On-line estimation of sugar concentration for control of fed-

batch fermentation of lignocellulosic hydrolyzates by Saccharomyces 
cerevisiae. Bioprocess Biosystem Engineering 25:183-191. 

 
Nilvebrant, N.-O., et al., 2001. Detoxification of Lignocellulose Hydrolysates with 

Ion-Exchange Resins. Applied Biochemistry and Biotechnology 91-93:35-49. 
 
Nilvebrant, N.-O., et al., 2003. Limit for Alkaline Detoxification of Dilute-Acid 

Lignocellulose Hydrolysates. Applied Biochemistry and Biotechnology 105-
108 

 
Nishikawa, N., et al., 1988. The influence of lignin degradation products on xylose 

fermentation by Klebsiella pneumoniae. Applied Microbiology and 
Biotechnology 27:549-552. 

 
Olsson, L. and Hahn-Hägerdal, B., 1993. Fermentative performance of bacteria and 

yeasts in lignocellulose hydrolysates. Process Biochemistry 28(4):249. 
 
Olsson, L. and Hahn-Hägerdal, B., 1996. Fermentation of lignocellulosic hydrolysates 

for ethanol production. Enzyme and Microbial Technology 18(5):312-331. 
 
Oztop, H. N., et al., 2003. Immobilization of Saccharomyces cerevisiae on to 

acrylamide-sodium acrylate hydrogels for production of ethyl alcohol. 
Enzyme and Microbial Technology 32:114-119. 

 
Palmqvist, E., et al., 1997. Simultaneous detoxification and enzyme production of 

hemicellulose hydrolysates obtained after steam pretreatment. Enzyme and 
Microbial Technology 20(4):286. 

 
Palmqvist, E., et al., 1999. Influence of furfural on anaerobic glycolytic kinetics of 

Saccharomyces cerevisiae in batch culture. Biotechnology and Bioengineering 
62(4):447-454. 

 
Palmqvist, E. and Hahn-Hägerdal, B., 2000. Fermentation of lignocellulosic 

hydrolysates. II: inhibitors and mechanisms of inhibition. Bioresource 
Technology 74(1):25. 



 
 

61 

 
Parajo, J. C., et al., 1996. Charcoal adsorption of wood hydrolysates for improving 

their fermentability: Influence of the operational conditions. Bioresource 
Technology 57(2):179. 

 
Perez, J., et al., 2002. Biodegradation and biological treatment of cellulose, 

hemicellulose and lignin: an overview. International Microbiology 5:53-63. 
 
Persson, P., et al., 2002a. Effect of Different Forms of Alkali Treatment on Specific 

Fermentation Inhibitors and on the Fermentability of Lignocellulose 
Hydrolysates for Production of Fuel Ethanol. Journal of Agriculture and Food 
Chemistry 50(19):5318-5325. 

 
Persson, P., et al., 2002b. Supercritical Fluid Extraction of a Lignocellulosic 

Hydrolysate of Spruce for Detoxification and to Facilitate Analysis of 
Inhibitors. Biotechnology and Bioengineering 79(6):694-700. 

 
Ranatunga, T. D., et al., 2000. The effect of overliming on the toxicity of dilute acid 

pretreated lignocellulosics: the role of inorganics, uronic acids and ether-
soluble organics. Enzyme and Microbial Technology 27(3-5):240. 

 
Rasskazchikova, T. V., et al., 2004. Ethanol as high-octane additive to automotive 

gasolines: production and use in Russia and abroad. Chemistry and 
Technology of Fuels and Oils 40(4):203-210. 

 
Rong, Y., 2001. The MTBE Paradox of Groundwater Pollution. Environmental 

Forensics 2(1):9. 
 
Rosillo-Calle, F. and Walter, A., 2006. Global market for bioethanol: historical trends 

and future prospects. Energy for Sustainable Development 10(1):20-32. 
 
Rudolf, A., et al., 2004. Controlled Fed-Batch Fermentations of Dilute-Acid 

Hydrolysate in Pilot Development Unit Scale. Applied Biochemistry and 
Biotechnology 114:601-617. 

 
Rudolf, A., et al., 2005. A comparison between batch and fed-batch simultaneous 

saccharification and fermentation of steam pretreated spruce. Enzyme and 
Microbial Technology 37(2):195. 

 
Saeman, J. F., 1945. Kinetics of wood saccharification: Hydrolysis of cellulose and 

decomposition of sugars in dilute acid at high temperature. Industrial 
Engineering Chemistry 37(1):43-52. 

 
Saraydin, D., et al., 2002. The use of immobilized Saccharomyces cerevisiae on 

radiation crosslinked acrylamide-maleic acid hydrogel carriers for production 
of ethyl alcohol. Process Biochemistry 37(12 SU  -):1351-1357. 

 



 
 
62 

Sárvári Horváth, I., et al., 2001. Effects of furfural on anaerobic continuous 
cultivation of Saccharomyces cerevisiae. Biotechnology and Bioengineering 
75(5):540-549. 

 
Sárvári Horváth, I., et al., 2003. Effects of Furfural on the Respiratory Metabolism of 

Saccharomyces cerevisiae in Glucose-Limited Chemostats. Appl. Environ. 
Microbiol. 69(7):4076-4086. 

 
Sárvári Horváth, I., et al., 2005. Critical Conditions for Improved Fermentability 

During Overliming of Acid Hydrolysates from Spruce. Applied Biochemistry 
and Biotechnology 121-124(5):1031-1044. 

 
Schneider, H., 1996. Selective removal of acetic acid from hardwood-spent sulfite 

liquor using a mutant yeast. Enzyme and Microbial Technology 19(2):94. 
 
Silva, C. J. S. M. and Roberto, I. C., 2001. Improvement of xylitol production by 

Candida guilliermondii FTI 20037 previously adapted to rice straw 
hemicellulosic hydrolysate. Letters in Applied Microbiology 32(4):248-252. 

 
Somerville, C., 2006. Editorial: The Billion-Ton Biofuels Vision. Science 312:1277. 
 
Sun, Y. and Cheng, J., 2002. Hydrolysis of lignocellulosic materials for ethanol 

production: a review. Bioresource Technology 83:1-11. 
 
Szczodrak, J. and Fiedurek, J., 1996. Technology for conversion of lignocellulosic 

biomass to ethanol. Biomass and Bioenergy 10(5-6):367. 
 
Taherzadeh, M. J., et al., 1996. The effects of pantothenate deficiency and acetate 

addition on anaerobic batch fermentation of glucose by Saccharomyces 
cerevisiae. Applied Microbiology and Biotechnology 46(2):176-182. 

 
Taherzadeh, M. J., et al., 1997a. Characterization and fermentation of dilute-acid 

hydrolyzates from wood. Industrial & Engineering Chemistry Research 
36(11):4659-4665. 

 
Taherzadeh, M. J., et al., 1997b. Acetic acid--friend or foe in anaerobic batch 

conversion of glucose to ethanol by Saccharomyces cerevisiae? Chemical 
Engineering Science 52(15):2653. 

 
Taherzadeh, M. J., et al., 1999a. Conversion of furfural in aerobic and anaerobic batch 

fermentation of glucose by Saccharomyces cerevisiae. Journal of Bioscience 
and Bioengineering 87(2):169. 

 
Taherzadeh, M. J., et al., 1999b. Conversion of dilute-acid hydrolyzates of spruce and 

birch to ethanol by fed-batch fermentation. Bioresource Technology 69(1):59. 
 



 
 

63 

Taherzadeh, M. J., et al., 2000a. Physiological effects of 5-hydroxymethylfurfural on 
Saccharomyces cerevisiae. Applied Microbiology and Biotechnology 
53(6):701. 

 
Taherzadeh, M. J., et al., 2000b. On-line control of fed-batch fermentation of dilute-

acid hydrolyzates. Biotechnology and Bioengineering 69(3):330-338. 
 
Taherzadeh, M. J., et al., 2001. Continuous cultivation of dilute-acid hydrolysates to 

ethanol by immobilized Saccharomyces cerevisiae. Applied Biochemistry and 
Biotechnology 95(1):45-57. 

 
Talebnia, F. and Taherzadeh, M. J., 2006. In situ detoxification and continuous 

cultivation of dilute-acid hydrolyzate to ethanol by encapsulated S. cerevisiae. 
Journal of Biotechnology 125(3):377-384. 

 
Torget, R. W., et al., 2000. Fundamental aspects of dilute acid 

hydrolysis/fractionation kinetics of hardwood carbohydrates. 1. Cellulose 
hydrolysis. Industrial & Engineering Chemistry Research 39(8):2817-2825. 

 
Trambouze, P. and Euzen, J.-P., 2004. Chemical Reactors: From Design to Operation. 

Institut Francais du Petrole Publications, Paris. 
 
Turton, R., et al., 2003. Analysis, Synthesis, and Design of Chemical Processes, 

Second edition. Pearson Education, Inc., New Jersey. 
 
Tyagi, R. D. and Ghose, T. K., 1980. Batch and Multistage Continuous Ethanol 

Fermentation of Cellulose Hydrolysate and Optimum Design of Fermentor by 
Graphical Analysis. Biotechnology and Bioengineering 22:1907-1928. 

 
Tzeng, J. W. and Fan, L.-S., 1991. Ethanol fermentation using immobilized cells in a 

multistage fluidized bed bioreactor. Biotechnology and Bioengineering 
38:1253-1258. 

 
Verduyn, C., et al., 1990a. Energetics of Saccharomyces cerevisiae in anaerobic 

glucose-limited chemostat cultures. Journal of General Microbiology 136:405-
412. 

 
Verduyn, C., et al., 1990b. Physiology of Saccharomyces cerevisiae in anaerobic 

glucose-limited chemostat cultures. Journal of General Microbiology 136:395-
403. 

 
Verstrepen, K. J., et al., 2003. Yeast flocculation: what brewers should know. Applied 

Microbiology and Biotechnology 61(3):197. 
 
Vicente, A. A., et al., 1998. Mass transfer properties of glucose and O2 in 

Saccharomyces cerevisiae flocs. Biochemical Engineering Journal 2(1):35. 
 



 
 
64 

von Blottnitz, H. and Curran, M. A., 2006. A review of assessments conducted on 
bio-ethanol as a transportation fuel from a net energy, greenhouse gas, and 
environmental life cycle perspective. Journal of Cleaner Production In Press, 
Corrected Proof 

 
Wang, H., et al., 1995. Mathematical model for analysis of mass transfer for 

immobilized cells in lactic acid fermentation.  11:558-564. 
 
Willaert, R. G., et al., 1996. Immobilised Living Cell Systems: Modelling and 

Experimental Methods. John Wiley & Sons, New York. 
 
 
 


