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1 INTRODUCTION AND AIMS 
 
The continuously increasing population of Earth is rising a new challenge for biotechnology: 
supplementation of mankind with commodity products from renewable resources, instead of 
fossil based ones. Biotechnology producing commodity products should aim to be responsive 
to societal needs for sustainable resource utilisation and improved environmental quality. As 
raw materials are often dominant factors in determining the price of commodity products, 
renewable materials available at large scale are required as feedstock. In addition, these 
renewable sources are geographically more evenly distributed than fossil fuels; therefore the 
products will be domestic and provide security of supply. Plant biomass represents a 
renewable raw material available at large quantity. These feedstocks are mostly built up of 
lignocelluloses, and their carbohydrate polymer fraction is a brilliant raw material for 
biotechnology. Utilisation of lignocelluloses as feedstock would make new challenges for 
biotechnology, such as overcoming the recalcitrance of cellulosic biomass and product 
diversification. 
 
Ethanol from biomass is an attractive and sustainable energy source for transportation fuel to 
substitute gasoline. Current ethanol production (so called first generation) using crops such as 
sugar cane and corn is well established, whereas second generation ethanol production 
utilises cheaper and non-food feedstocks like lignocelluloses or municipal solid waste, which 
could make ethanol more competitive to fossil fuels. Production of ethanol from 
lignocelluloses requires a more complex upstream process compared to first generation 
ethanol production. There are basically four steps of the process. First lignocelluloses have to 
be pretreated in order to decrease the recalcitrance. Then this material is hydrolysed using 
cellulase enzymes to fermentable sugars, which are later microbiologically converted to 
ethanol. Finally the downstream processes comprise the purification and concentration of 
ethanol. Some of these steps need to be further improved to break through the barriers and 
allow the process to be commercialised. 
 
The subject of present thesis was the lignocellulosic ethanol process. Developments have 
been done by introducing novel substrates for ethanol production and increasing the 
enzymatic hydrolysis efficiency of pretreated substrates. Steam pretreatment of sweet 
sorghum bagasse, hemp and ensiled hemp were investigated in order to maximise the sugar 
recovery and ethanol yield of these substrates. Enzymatic hydrolysis of steam pretreated 
substrates were investigated in two different aspects; (1) testing the role of accessory 
enzymes, such as β-glucosidase and xylanases, that are present at higher quantities when 
enzyme production is performed on lignocelluloses and (2) understanding the mechanism of 
the enhancing effect of poly(ethylene glycol) (PEG) addition on the hydrolysis conversion. 
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2 BACKGROUND 
Lignocellulose based ethanol production is a more complex process, than the starch based 
one. Although there are similarities, the techno-economic challenges facing the former are 
large. There are features to be assessed in a cost competitive technology, like (1) efficient 
depolymerisation of cellulose and hemicellulose to monomers, (2) efficient fermentation of 
hydrolisates, (3) minimisation of energy demands, and (4) cost efficient use of lignin.  
 
Plant cell wall is built up of lignocelluloses, which is a complex material containing cellulose 
(linear glucose homopolymer), hemicellulose (branched sugar heteropolymer) and lignin 
(three-dimensional cross-linked phenylpropanoid). The efficient utilisation of lignocelluloses 
requires the fractionation and separate utilisation of these components, fermenting the 
carbohydrate fractions to ethanol or other valuable products, and use lignin as solid fuel. As 
shown in Figure 1, the processing of lignocellulosic biomass to ethanol proceeds through a 
series of operations. The first step is the pretreatment to overcome the natural resistance of 
plant materials to biological breakdown. The primary function of pretreatment is to open up 
the lignocellulose’s complex structure, so that it becomes accessible for the enzymes. There 
are several pretreatment methods, such as chemical, physical, biological ones, and 
combination of these. During acid catalysed steam pretreatment (which method was the basis 
of present work) hemicelluloses are partially hydrolysed and solubilised, therefore separation 
of liquid and solid fraction gives an opportunity of a separate utilisation of hemicellulose 
sugars. Additionally, fermentation inhibitors formed during pretreatment are also removed 
with this step. The separated liquid fraction can then be utilised in enzyme production, yeast 
propagation steps, or converted to products, such as ethanol or biogas.  
 
After separation the solid fraction is subjected to hydrolysis to release fermentable sugars 
from cellulose and hemicellulose. A branch of polysaccharide degrading enzymes such as 
cellobiohydrolases, endoglucanases, hemicellulases and β-glucosidases degrade cellulose and 
the remaining hemicellulose into monomer sugars. Enzymatic hydrolysis can be performed 
under optimal conditions (50°C, pH 4.8) in 48-72 hours resulting 70-90% cellulose 
conversion, depending on the pretreatment efficiency. 
 
The liberated sugars are later fermented to ethanol. The most frequently used microorganism 
in industrial processes is Saccharomyces cerevisiae, which has proven to be very robust and 
well suited to the fermentation of lignocellulosic hydrolysates. However, S. cerevisiae is 
unable to ferment pentoses, which sugars are abundant in hemicellulose. Intensive molecular 
biology research is focused on the construction of strains utilising both glucose and xylose in 
a lignocellulose hydrolysate. There are several process configuration for the microbial 
processes, two of them (SHF and SSF) were used in this thesis. In case of separate hydrolysis 
and fermentation (SHF) the four processes are performed consecutively in separate steps. 
This configuration has the advantage of (1) optimal parameters for each enzymatic/microbial 
process, (2) possibility of yeast recycling and (3) recovery of lignin after enzymatic 
hydrolysis. In case of simultaneous saccharification and fermentation (SSF) the enzymatic 
hydrolysis and the hexose fermentation are merged at compromised conditions. The 
advantage of SSF is the reduction of end-product inhibition, by fermenting the produced 
sugars immediately to ethanol.  
 
The final step is the downstream processing, when ethanol is purified and concentrated to 
96 v/v% through distillation. When absolute (water free) ethanol is required, an additional 
step, azeotropic distillation or filtering through molecular sieve, is performed. 
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Figure 1 Schematic presentation of the cellulosic ethanol process. 



 

4 
 

 
3 MATERIALS AND METHODS 
 
Steam pretreatment 
Steam pretreatment was performed at the Department of Chemical Engineering, Lund 
University, Sweden in a 10 litre batch reactor. The materials were impregnated with SO2 in 
plastic bags for 20-30 min. Temperature was set and maintained by injection of saturated 
steam. When the desired residence time on pretreatment temperature was reached, pressure 
was released rapidly and the material was collected in a flash-cyclone. 
 
Substrates 
Several steam pretreated substrates, such as spruce, willow, hemp, hemp silage, sweet 
sorghum bagasse, wheat straw and corn stover, microcrystalline cellulose (Avicel), 
delignified pinewood (Solka Floc 200) and lactose were used as substrate in enzymatic 
hydrolysis and carbon source in enzyme fermentation.  
 
Enzymes 
Commercial cellulase solutions from Novozymes A/S (Celluclast 1.5L and Novozym 188) 
and Trichoderma reesei Rut C30 enzymes produced on various carbon sources in shake flask 
were used in the hydrolysis experiments. 
 
Enzymatic hydrolysis 
Enzymatic hydrolysis experiments were performed (1) to evaluate the efficiency of steam 
pretreatment (2) to investigate the hydrolysis efficiency of produced T. reesei enzymes and 
(3) to test the effect of poly(ethylene glycol) addition on lignocellulose conversion and 
cellulase adsorption. 
 
All hydrolysis experiments were conducted in laboratory scale, in 1-50 ml volume, 40-50°C, 
pH 4.8-5.0, using magnetic stirrers as agitation. Substrate concentration was 2% dry matter, 
except in Paper III (10 g/l carbohydrate) and Paper IV (25 g/l cellulose).  
 
Sugar concentrations after hydrolysis were measured using a Shimadzu HPLC system 
equipped with Bio-Rad Aminex 87-H or Aminex 87-P analytical column. Residual enzyme 
activities from hydrolysis supernatants were measured after concentration by ultrafiltration 
device using the Bradford’s protein determination method, filter paper activity, or 
β-glucosidase activities using p-nitrophenyl-β-D-glycosid substrate. 
 
Ethanol fermentation 
Simultaneous saccharification and fermentation (SSF) experiments were performed on steam 
pretreated hemp and hemp silage using high solid substrate loading (7.5% water insoluble 
solids) in a 2 l laboratory scale fermenter. Commercial Saccharomyces cerevisiae was 
streaked to remove bacterial contamination and cultivated in the liquid fraction of the 
pretreated material in order to adapt it to fermentation inhibitors generated during steam 
pretreatment. 
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4 RESULTS 
The work presented in this thesis focuses on steam pretreatment and enzymatic hydrolysis of 
lignocellulosic raw materials. Novel energy crops, such as sweet sorghum bagasse and hemp 
have been introduced to the cellulosic ethanol process via optimisation of their steam 
pretreatment. The other part of the work focused on the enzymes acting on lignocelluloses to 
break down the carbohydrate content into fermentable sugars.  
 
Sweet sorghum bagasse 
Sweet sorghum is a promising energy crop, as its sweet juice processed from the fresh plant 
by squeezing contains directly fermentable sugars. The utilisation of the process residue, the 
bagasse, is still challenging. Steam pretreatment was applied to this feedstock in order to 
loosen up the structure for enzymatic breakdown. Sulphur-dioxide impregnated bagasse was 
pretreated at various conditions, and treatments with 190˚C for 10 min and 200˚C for 5 min 
(severity of 3.65) were found to be optimal for enzymatic degradability of the feedstock, 
resulting about 90% cellulose conversion in hydrolysis experiments. Utilisation of bagasse 
for ethanol production would increase the ethanol yield of a sweet sorghum plantation by 
30-40% (which would result in about 3.5-4 t ethanol/ha yield (4400-5000 l/ha); with 
conversion of both bagasse and sweet juice to ethanol). 
 
Hemp and hemp silage 
Hemp is a good energy crop being able to achieve good yields at various climates. This plant 
can be utilised for fibre production and as biomass for energy production. Sulphur-dioxide 
catalysed steam pretreatment of dry hemp and hemp silage at 210˚C for 5 minutes has been 
proved to be efficient for improving enzymatic degradability. Simultaneous saccharification 
and fermentation of the pretreated hemp and hemp silage has resulted in fermentation broths 
containing about 2% ethanol, which corresponds to 173 and 163 g ethanol/kg feedstocks, 
corresponding to an approximate 2.5 t ethanol/ha yield (3150 l/ha). Separation of the liquid 
fractions, especially in case of hemp silage was found to be advantageous on the ethanol 
yield. Ensiling proved be a suitable storage method for hemp but there was no effect of 
ensiling on pre-treatment parameters. 
 
Enzyme profiles achieved on various carbon sources 
Cellulases were produced using different carbon sources in shake-flask cultivation of 
Trichoderma reesei Rut C30. The various carbon sources have induced enzyme production 
and secretion differently, resulting in different fermentation broths especially regarding their 
cellulase (filter paper), xylanase and β-glucosidase activities. Co-secretion of xylanase and 
mannanase activities as well as α-arabinofuranosidase and α-galactosidase activities have 
been proved based on the statistical comparison of the specific enzyme activities. The 
importance of the β-glucosidase and the xylanase activity in case of the hydrolysis of xylan 
containing substrates has been highlighted, which is due to the fact that cellulose and residual 
hemicellulose are in strong association. The effect of Aspergillus Cel3A (β-glucosidase ) 
addition on the xylan conversion has also been shown, which is probably due to the effect of 
Cel3A on short oligosaccharide structures, or on sugar dimers, which inhibits xylanase 
activity. 
 
Effect of PEG addition on the enzymatic hydrolysis of lignocelluloses 
Addition of PEG in enzymatic hydrolysis of steam pretreated spruce was found to be 
beneficial. It has increased the cellulose conversion and the hydrolysis rate in the early stage 
of the hydrolysis. Addition of PEG to the hydrolysis mixture has raised the level of active 
cellulase present in the hydrolysate. The possible mechanism for the effect is that PEG 
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adsorbs on the surface of lignin, repulsing enzymes from unproductive binding there. PEG 
addition was found to increase the free enzyme activities of various enzymes (FPA, CMCase, 
Cel7A, Cel7B, Cel5A) in the hydrolysis supernatant at different degrees (Figure 2).  
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Figure 2 Free protein concentration and enzyme activities after 72-hour hydrolysis of SPS 
(2% DM substrate concentration) with and without PEG 4000 addition 

 
The decrease of β-glucosidase activity during enzymatic hydrolysis was found to be 
dependent on the microbial source of the enzyme; when mixture of Celluclast 1.5L and 
Novozym 188 was used in the hydrolysis, only a slight decrease in β-glucosidase activity was 
observed, in contrast to the case when only Celluclast 1.5L was used, when β-glucosidase 
activity has been adsorbed and disappeared from the hydrolysis supernatant. This result 
suggests that the β-glucosidase of Trichoderma reesei tends to adsorb on lignocellulose or on 
lignin in contrast to Aspergillus β-glucosidases. 
 
When various steam pretreated lignocelluloses, such as spruce, sweet sorghum bagasse, 
hemp, willow, wheat straw and corn stover were hydrolysed, the degree of the positive effect 
of PEG addition was different, and probably due to the lignin structure in the substrates. 
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5 NEW SCIENTIFIC FINDINGS 
 
1. Sweet sorghum bagasse can be converted efficiently into fermentable sugars (and is a 
new potential raw material for fuel ethanol production) by SO2 catalysed steam pretreatment 
at 190°C 10 min or 200°C 5 min followed by enzymatic hydrolysis with a result of 89-92% 
glucan conversion (Paper I). 
 
2. Hemp and ensiled hemp can be converted into ethanol with steam pretreatment 
(2% SO2 catalyst, 210°C 5 min) followed by simultaneous saccharification and fermentation 
at high solid loading (7.5% WIS) with a result of 171 and 163 g ethanol/kg raw material 
(Paper II). 
 
3. Separation of liquid and solid fractions after steam pretreatment has increased both 
the sugar and the ethanol yield in enzymatic hydrolysis (Paper I.) and simultaneous 
saccharification and fermentation (Paper II.), respectively. The separation was most effective 
in SSF of steam pretreated hemp silage, where 30% increase of ethanol yield was achieved 
(Paper II.). 
 
4. Xylanase and mannanase enzymes are co-secreted during enzyme production by 
Trichoderma reesei Rut C30, and the secretion is induced by xylan present in the carbon 
source. The amount of secreted enzymes has no linear correlation with the amount of xylan 
(Paper III). 
 
5. Addition of Aspergillus Cel3A (β-glucosidase) has been proven to increase not only 
the glucan conversion, but also that of xylan, most probably by decreasing the inhibitory 
effect of water soluble glucose or xylose oligomers, like cellobiose or xylobiose (Paper III). 
 
6. Addition of PEG 4000 to the hydrolysis of steam pretreated spruce results in a faster 
and more efficient conversion of cellulose to glucose (Paper IV and V), increasing the 
conversion in 72-hour hydrolysis by 22% at 50°C using 5% substrate concentration 
(Paper IV) and by 15% using 2% substrate concentration (Paper V). 
 
7. In the hydrolysis of steam pretreated spruce, the unproductive binding of cellulases 
can be reduced by the addition of PEG 4000 increasing the residual enzyme activities at the 
end of the hydrolysis (Paper V). The degree of enzyme adsorption on various lignocellulosic 
substrates containing different lignins and the rate of the positive PEG effect on its decrease 
was found to be different (Paper VI). Addition of PEG 4000 has decreased the unproductive 
binding of purified Cel7A and Cel7B on the surface of isolated lignin (Paper IV). 
 
8. Decrease of β-glucosidase activity during hydrolysis is dependent on the enzyme 
source: Trichoderma reesei enzymes tend to adsorb more than Aspergillus β-glucosidases 
(Paper VI). This also suggests that increasing β-glucosidase secretion of T. reesei in the 
enzyme fermentation is not the key solution for the problem of β-glucosidase deficiency of 
the culture broths, but addition of β-glucosidases from other enzyme sources may be more 
beneficial. 
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6 CONCLUSIONS 
 
Biomass is an abundant, renewable raw material that should be utilised as feedstock for 
biotechnology. However, the process of lignocellulose breakdown into fermentable sugars 
still needs to be improved concerning effectiveness. The main possible utilisation of 
lignocelluloses is to produce liquid transportation fuels, such as ethanol. I have joined the 
cellulosic ethanol research with my PhD work summarised here. It has been verified that 
sweet sorghum and hemp are feasible candidates as energy crops for ethanol production, even 
in Hungarian climate. Ensiling proved to be a suitable conservation method for biomass-
hemp in wet climates. Enzyme secretion of Trichoderma reesei Rut C30 mutant has been 
investigated and conclusions about enzyme secretion and the role of some enzyme 
components have been made. The effect of poly(ethylene glycol) on the enzymatic hydrolysis 
has also been investigated, and found that it is advantageous for the cellulose conversion and 
for the residual enzyme activity which could further lead to a decreased process time, 
decreased enzyme loading and a possibility for enzyme recycling.  
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