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ABSTRACT 
Biomass composed of lignocellulosics represents a dominant, but untapped 
potential as feedstock. In order to convert these raw materials to valuable or 
commodity products through biotechnological processing, they needs to be broken 
down into simple sugars through a series of process steps, before being utilised by 
fermentation technologies. 

During my PhD work, I have dealt with pretreatment and enzymatic 
saccharification of lignocelluloses, these steps result the breakdown of the 
feedstock to fermentable sugars. Three novel feedstocks have been investigated in 
terms of acid catalysed steam pretreatment. In case of sweet sorghum bagasse 2% 
sulphur-dioxide impregnation followed by pretreatment either at 190°C for 10 min 
or at 200°C for 5 min has increased the saccharification capability of the substrate 
sufficiently, resulting 85-90% glucan conversion. For hemp and ensiled hemp, 
optimal pretreatment conditions were found to be 2% SO2 impregnation, 210°C 
temperature and 5 min residence time. Substrates being pretreated under these 
conditions were converted to ethanol in simultaneous saccharification and 
fermentation experiments at a yield of 171 g/kg and 163 g/kg, respectively.  

Beside pretreatment of novel raw materials, I have investigated the enhancement of 
enzymatic hydrolysis. Trichoderma reesei Rut C30 fermentation broths obtained at 
various carbon sources in shaked flask fermentations have been tested in terms of 
activity profile and hydrolytic efficiency. Co-secretion of xylanases and 
mannanases has been verified. Investigating the effect of enzyme components on 
the hydrolysis, it was found, that addition of Aspergillus Cel3A (β-glucosidase) has 
increased the xylan conversion in addition to cellulose hydrolysis, probably due to 
its action on short sugar oligomers, or dimers decreasing their inhibitory effect.  

Effect of poly(ethylene glycol), PEG, addition to the hydrolysis mixture has also 
been investigated, and was found to increase hydrolysis rate, higher conversion 
was reached at decreased reaction time. Enzyme activities being recovered from 
hydrolysis supernatant have been increased due to PEG addition, suggesting that 
unproductive adsorption of cellulases on lignin is being reduced. PEG polymer 
adsorbs on the surface of the substrate, therefore repulsing enzymes sterically and 
prevents unproductive binding. Rate of enzyme adsorption and effect of PEG 
addition was found to be different using various steam pretreated substrates, 
probably the due to the different structure of lignins. Investigating the adsorption 
of β-glucosidases from different microbial sources has shown that these enzymes 
tend to bind unproductively to various extents. T. reesei β-glucosidases was found 
to be more susceptible for adsorption, whereas Aspergillus enzyme was less 
affected. Experiments on PEG effect has lead to further understanding of the 
importance of unproductive binding, reducing this effect would allow to decrease 
the enzyme need of the hydrolysis or a possibility for enzyme recycling. 
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1 INTRODUCTION 
The continuously increasing population of Earth raise a new challenge for 
biotechnology: supplementation of mankind with commodity products from 
renewable resources, instead of fossil based ones. Up to now, biotechnology has 
focused on producing highly value-added products at lower quantities, like 
antibiotics or other medical products, in contrast with the commodity products, 
where high amounts of low-value products are being produced. Biotechnology 
producing commodity products should aim to be responsive to societal needs for 
sustainable resource utilisation and improved environmental quality (Lynd et al., 
1999). As raw materials are often dominant factors in determining the price of 
commodity products, renewable materials available at large scale are required as 
feedstock. Because of low cost, plentiful supply, and amenability to biotechnology, 
carbohydrates appear likely to be the dominant source of feedstock for commodity 
processing (Lynd et al., 1999). In addition, these renewable sources are 
geographically more evenly distributed than fossil fuels; therefore the products will 
be domestic and provide security of supply (Hahn-Hägerdahl et al., 2006). 
 
Plant biomass represents a renewable raw material available at large quantities, 
therefore a possible candidate as future feedstock for biotechnology. These 
feedstocks are mostly built up of lignocelluloses, and their carbohydrate polymer 
fraction is a brilliant material for biotechnology. Utilisation of lignocelluloses as 
feedstock would make new challenges for biotechnology, such as overcoming the 
recalcitrance of cellulosic biomass (converting cellulosic biomass into reactive 
intermediates) and product diversification (converting reactive intermediates into 
useful products). With respect to product diversification, a distinction is made 
between replacement of a fossil resource-derived chemical with a biomass-derived 
chemical of identical composition and substitution of a biomass-derived chemical 
with equivalent functional characteristics but distinct composition (Lynd et al., 
1999).  
 
Ethanol from biomass is an attractive and sustainable energy source for 
transportation fuel to substitute gasoline. Ethanol is perhaps the oldest product 
obtained through traditional biotechnology. Current ethanol production (so called 
first generation) processes using crops such as sugar cane and corn are well 
established, whereas second generation ethanol production utilise cheaper and non-
food feedstock like lignocelluloses or municipal solid waste, which could make 
ethanol more competitive to fossil fuels (Zaldivar et al. 2001).  
 
Ethanol has many favourable properties to use as liquid transportation fuel; it has 
higher octane rating (ability to resist compression) than gasoline, enabling 
combustion engines to run at higher compression ratio (Wyman, 1996), and it 
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could be distributed in the existing system. Vehicles running on ethanol are not a 

fiction. There are now engines available that can run on pure ethanol, and so called 

flexible fuel vehicles that are able to use mixtures of ethanol in gasoline up to 85% 

(Galbe and Zacchi, 2002).  

 

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 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. 

 

1.1 Aims and outline of the thesis 

The subject of present thesis was the lignocellulosic ethanol process. Development 

was 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 was investigated in order to 

maximise the sugar recovery and ethanol potential 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. 

 

The work was carried out in the Non-Food Research Group of Department of 

Applied Biotechnology and Food Science, Budapest University of Technology and 

Economics in collaboration with Lund University (Sweden) and VTT 

Biotechnology (Finland). Steam pretreatment and simultaneous saccharification 

and fermentation experiment have been carried out in Lund, at Department of 

Chemical Engineering. Characterisation of enzymes produced by Trichoderma 

reesei Rut C30 in the view of activity profiling and hydrolysis properties has been 

carried out at VTT Biotechnology. The work present in Paper IV on the effect of 

PEG addition on the enzymatic hydrolysis was performed at Department of 

Biochemistry, Lund University.  
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2 BACKGROUND 

2.1 Overview of the lignocellulosic ethanol process 

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. One of the major challenges is to optimise the 

integration of process engineering, fermentation technology, enzyme engineering 

and metabolic engineering (Hahn-Hägerdahl et al., 2006). There are features to be 

assessed in a cost competitive technology as nominated by Hahn-Hägerdahl et al. 

(2006); (1) efficient depolymerisation of cellulose and hemicellulose to monomers, 

(2) efficient fermentation of hydrolisates containing hexoses and pentoses, (3) 

advanced process integration to minimize energy demands, and (4) cost efficient 

use of lignin.  

 

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 so that 

it becomes accessible for the enzymes. Typically, hydrolysis yields in the absence 

of pretreatment are <20% of theoretical maximum, whereas yields after 

pretreatment often exceed 90% (Lynd, 1996). There are several pretreatment 

methods, described in details in section 2.3. The choice of feedstock influences the 

selection of pretreatment method and vice versa (Wyman, 2007). During 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.  

 

When cellulolytic enzymes are produced on site, instead of using commercial 

products, the enzyme cost could be reduced. In this case, a portion of the liquid 

fraction is sent to an enzyme production step, in which ~2% of the total sugars are 

consumed by the enzyme producing organism, such as Trichoderma reesei 

(Wyman, 1999). 

 

After separation the solid fraction is subjected to hydrolysis to release fermentable 

sugars from cellulose. A branch of polysaccharide degrading enzymes such as 

cellobiohydrolases, endoglucanases, hemicellulases and β-glucosidase (described 
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in details in section 2.4) degrade cellulose and the remaining hemicellulose into 
monomer sugars. Enzymatic hydrolysis can be performed under optimal conditions 
(50°C, pH 4.8) in 24-48 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 (Galbe and Zacchi, 2002). However, S. cerevisiae is unable to 
ferment pentoses, which sugars are abundant in hemicellulose, unless 
metabolically engineered (Zaldivar et al. 2001). There are two groups of 
microorganisms, enteric bacteria and some yeast that can ferment pentoses to 
ethanol, but they are rather sensitive to ethanol and inhibitors, and require carefully 
monitored microaerophilic conditions. To design and engineer robust pentose 
fermenting microorganisms, three platforms, i.e. S. cerevisiae, Zymomonas mobilis 
and Escherichia coli are extensively investigated (Zaldivar et al. 2001). 
 
The above mentioned microbial processes (enzyme production, enzymatic 
hydrolysis, hexose- and pentose fermentation) can be performed in various 
combination strategies, as indicated on Figure 2. 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 
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 (Galbe and Zacchi, 2002). The advantage of SSF is the 
reduction of end-product inhibition, by fermenting the produced sugars 
immediately to ethanol. Simultaneous saccharification and co-fermentation (SSCF) 
involves pentose fermentation in addition to SSF. This process requires robust 
pentose fermenting microorganisms, which can co-metabolize hexoses and 
pentoses. The nowadays available engineered microbes have the disadvantage of 
having much higher affinity to hexoses than pentoses. Consolidated bioprocessing 
(CBP) uses thermophylic microbes to anaerobically produce bacterial cellulosome 
enzymes that have better cellulolytic activity than the typically used fungal 
cellulases and ferment all of the sugars released into ethanol in the same vessel 
(Wyman, 2007). 
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Figure 2 Different process strategies, adapted by Lynd et al. (2002). 

 

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. 

 

Careful attention to the utilisation of all feedstock components is important in the 

views of process technology, economic, and environmental considerations (Lynd 

et al., 1999). The remaining fraction of the biomass, such as the lignin in the case 

of lignocellulosic feedstock, could be converted through hydrogenation processes 

into materials, such as phenols, aromatics, and olefins, or simply burned as a boiler 

fuel to power the overall process (Wyman and Goodman, 1993). 
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2.2 Lignocelluloses 

The plant cell wall is built of lignocelluloses. The major components of the 
complex are cellulose, hemicellulose and lignin. Cellulose is the fibre material 
therefore it gives the strength and the flexibility of the cell wall. Cellulose fibres 
are covered by lignin, which has an impregnating, and a protecting role. This coat 
makes the fibre more resistant to biological and chemical attack. Hemicellulose 
behaves as glue, forming a chemical bond between cellulose and lignin. On Figure 
3 the schematic representation of the cell-wall structure is visualised (Sommerville 
et al., 2004). Cellulose (green) is assembled into boundles, which are covered by 
lignin (brown).The matrix is then fixed by different types of hemicelluloses, such 
as xyloglucan (dark orange), rhamnogalactan (light blue and magenta) or 
glucurono-arabinoxylan (light orange), or pectins like homogalacturonan (light 
brown) 
 

 
Figure 3 Model of the polysaccharides in an Arabidopsis leaf cell (Sommerville et 

al., 2004). 

 
There are different kinds of cells in the plant from the root to the buds, but a 
general structure can be given. Two kinds of cell walls can be distinguished in 
plants, primary and secondary cell walls. Primary cell walls are formed during the 
cell growth, and are plastic-elastic layers able to stretch. Secondary cell walls are 
formed in case of mechanically rigid cells, the first layer is thin, and cellulose 



 8

microfibrils are randomly located, the second layer is the thickest one, where the 
cellulose microfibrils are parallel arranged. The third layer of the secondary cell 
wall forms the lumen (hollow), the wall of the water-conducting pipe of plants. 
This system gives the mechanical strength of the wood. In Table 1 the chemical 
composition of some lignocellulosic materials is summarised. Cellulose, 
hemicellulose and lignin give 75-95% of the total dry mass of lignocelluloses, of 
which around 70% is the polysaccharide fraction. The ratio between these three 
components is different in various species. Trace amount of minerals (ash) are also 
present in lignocelluloses. 
 

Table 1 Composition of lignocellulosic feedstock (% dry weight). 

Feedstock Glucan Xylan Galactan Arabinan Mannan Lignin 

Willow (hardwood)
1
 41.5 15.0 2.1 1.8 3.0 23.3 

Spruce (softwood)
2
 49.9 5.3 2.3 1.7 12.3 28.7 

Corn stover
3
 37.2 21.1 3.0 6.1 Not reported 26.0 

Wheat straw
4
 32.6 20.1 0.8 3.3 0 24.2 

1Sassner et al., 2005 
2Söderström et al., 2003 
3Öhgren et al., 2006 
4Linde et al., 2008 

2.2.1 Cellulose 

Cellulose is a homopolymer of β-linked D-glucopyranose units usually present in a 
highly ordered crystalline structure that impedes hydrolysis (Lynd et al., 1999). 
The monomers are connected with β-1,4 glycosidic bonds. Glucose is present in 
chair conformation. Every second glucose unit is rotated by 180° to the main axis 
of the chain; therefore every second glycosidic bond is in the same sterical 
conformation, so the repeating unit of cellulose is cellobiose. Cellulose is a high 
molecular weight polysaccharide, the degree of polymerisation (DP) is usually 
between 500 and 15,000 (Sjöström, 1993). The structure of cellulose is shown 
schematically in Figure 2.  
 
Intramolecular hydrogen bonds are present between the hydroxyl group of the C3 
and the oxygen atom of the C5 atom in the adjacent glucose units. Cellulose fibres 
form bundles, which are stabilized by intermolecular hydrogen bonds between the 
cellulose chains. Approximately 30 individual cellulose molecules are assembled 
into larger units known as elementary fibrils (protofibrils), which are packed into 
larger units called microfibrils. These microfibrils build up macrofibrils and these 
are in turn assembled into cellulose fibres (Lynd et al., 2002, Sjöström, 1993). 
There are crystalline and amorphous regions in the structure of cellulose. 
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Amorphous regions are less organised than the crystalline, thus these regions are 
less resistant to enzymatic attack. Cellulose is hydrophilic, but not water-soluble. 
Cellulose is hydrolysed by acids, but not with alkalis, in contrast to hemicellulose, 
which can be hydrolysed and solubilised both with acids and with concentrated 
bases. 

 

 
Figure 4 Schematic structure of cellulose with cellobiose as repeating unit. 

2.2.2 Hemicellulose 

Hemicellulose is a highly branched heteropolysaccharide, mainly consist of 
D-glucose, D-mannose, L-arabinose, D-galactose and D-xylose. Among building 
blocks, uronic acids are present as well. Hemicellulose can also be partially 
acetylated. The linkage of the monomers can be different glycosidic bonds. The 
DP is less, compared to cellulose (100-200). The classification of hemicelluloses 
can be upon their structure. The classification recommended by Brigham et al. 
(1996) is based on the composition of the main chain: (a) xylans, (b) mannans, 
(c) β-glucans, (d) xyloglucans and (e) arabinogalactans. 
 
Xylans are probably the most abundant hemicelluloses. The main chain is built up 
from β-1,4-xylopyranose subunits, which is usually substituted with D-arabinose, 
L-galactose or methyl-glucuronic acid side-chains (Figure 5A,B). Mannans have 
basically two main groups; glucomannans and galactomannans. The main chain of 
the glucomannans are built up from glucose and mannose subunits linked by β-1,4 
glycosidic bonds (Figure 5C), whereas galactomannans have β-1,4 homomannan 
main chain substituted with D-galactose by α-1,6 bonds. Mannans are mostly 
presented in softwoods. β-glucans are randomly linked by β-1,3 and β-1,4 linkages 
and have role during the growth of the cell.  
 
Xyloglucans are the hemicelluloses of the primary cell wall, therefore are present 
in all plants. The main chain is built up from β-1,4-D-glucose units (homologue 
with cellulose), where glucose subunits are substituted with α-D-xylopyranoses. 
The degree of substitution depends on the xyloglucan source (Hayashi, 1989). 
Arabinogalactans have β-1,4 or α-1,4 galactose main chains substituted with 
L-arabinofuranose or short oligomers built up from arabinose and galactose 
monomers.  
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Figure 5 Structure of three types of hemicelluloses: (A) arabinoxylan, (B) arabino-
4-O-methyl glucuronoxylan and (C) O-acetyl-galactoglucomannan 
according to Sjöström (1993). 
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2.2.3 Lignin 

Among the three major biopolymers that constitute wood, lignin is distinctly 
different from the other two macromolecular polymers. It is formed by 
4-hydroxyphenylpropanoids (monolignols) that differ in their degree of 
methoxylation (Nagy, 2009). The three most common building blocks are the 
4-hydroxyphenylpropane, the guaiacylpropane, and the syringylpropane subunits. 
The precursors of these units during the biosynthesis of the lignin are p-coumaryl 
alcohol, trans-coniferyl alcohol and trans-sinapyl alcohol, respectively (Figure 6).  

CH2

H2C

CH3

OH

CH2

H2C

CH3

OH

CH2

H2C

CH3

OH

O

Me

O O

Me Me

4-hydroxyphenylpropane guaiacylpropane syringylpropane
 

 
 

O

HO

OH

O Me

O

O Me
OMe

O

OH

HO O Me

O

O O
OMe O Me

O Me

O

O

OMe

O

O

Me

O

OMe
O

OMe

O O
O Me

HO OH

OHHO

O O

HO

O MeOMe

HO

HO

O

O
Me

O

OMe

 
 

Figure 6 Building blocks and linkages in lignin macromolecules. 
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4-hydroxyphenylpropane unit is not methoxylated, whereas guajacyl and syringyl 
units have one or two methoxyl groups adjacent to the phenolic hydroxyl group, 
respectively. The ratio of the building units varies from species to species. 
Softwood lignin contains mainly guajacyl, while hardwood lignin contains both 
guajacylpropane and syringylpropane units. Grass lignin contains all three possible 
building monomers. The building blocks of lignin are connected with different 
linkages ether and carbon-carbon, such as β-O-4; α-O-4; 5,5; 4-O-5; β-5; β-β; β-1 
and dibenzodioxocin, as presented on Figure 6. The dominant linkages in softwood 
lignins are β-O-4; β-5; biphenyl or dibenzodioxocin linkages. It has a very 
complex three-dimensional cross-linked structure and high molecular weight. 
Lignin is insoluble in acids, while it can be solubilised using concentrated alkali 
bases or organic solvents. 

2.2.4 Novel lignocellulosic feedstocks used 

In this thesis, two novel lignocellulosic substrates, namely sweet sorghum bagasse 
and hemp were investigated. This section is going to summarise the present 
knowledge about these feedstocks.  
 
Sweet sorghum bagasse 
Sweet sorghum (Sorghum bicolor var. saccharatum) has a great potential as an 
energy crop (Negro et al. 1999, Rooney et al., 2007). It belongs to C4 family with a 
high photosynthetic activity and high resistance against drought; therefore it can be 
cultivated in almost all temperate and tropical climate areas (Sree et al., 1999). 
This plant requires less fertilizer and water compared to other sugar crops. Sweet 
sorghum has been used for production of edible syrup in North America for over 
100 years (Worley et al., 1992). In most cases, sweet sorghum juice is extracted 
from the fresh stem, and then the liquid fraction and the remaining solid residue 
(bagasse) are processed separately.  
 
There are several possibilities to convert sweet sorghum juice to highly valuable 
product. The earliest use of this fraction was making white sugar from the liquid. 
This process results in a byproduct, molasses, which is a viscous liquid containing 
high concentration of sugars (Gnansounou et al., 2005). Nowadays molasses is 
used for ethanol production and as carbon source for fermentation industry. Sweet 
sorghum juice itself can be used for ethanol production as well (Laopaiboon et al., 
2007) and it was reported to be an ideal substrate for production of gaseous 
biofuels such as hydrogen (Antonopoulou et al., 2008, Ntaikou et al., 2008) or 
biogas (Jerger and Chynoweth, 1987). Sweet sorghum juice is an ideal feedstock 
for ethanol production (Gnansounou et al., 2005). It was reported to provide a 
potential production of around 6000 l/ha of ethanol (from sweet juice), and up to 
15 t/ha of structural polysaccharides (from bagasse) (Dolciotti et al., 1998). Sweet 
sorghum tends to deteriorate after harvest, thus the main problem of juice 
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processing is the microbial instability of the liquid. Several studies focused on 
increasing the storability of the extracted juice and the chopped stalk. The most 
suitable techniques were the follows: (1) concentrate the juice to 60% syrup 
(Worley et al., 1992), (2) ensiling the chopped stalks in presence of 0.5% formic 
acid, (3) enzyme assisted ensiling of the stalk (Schmidt et al., 1997) or (4) shifting 
the pH to an acidic or alkali regime by addition of formic acid or lime.  
 
Sweet sorghum bagasse has also several ways of utilisation. In contrast to juice, 
which can be used in the food industry; the bagasse fraction has only non-food 
utilisation alternatives. Earlier it was used as animal feed or as soil fertilizer after 
composting with other wastes (Negro et al., 1999). Nowadays bagasse is mainly 
used for energy production by combustion (Monti and Venturi, 2003). The main 
problem with combustion is the high ash content, which can cause slagging, 
corrosion or fouling (Monti et al., 2008). Antonopoulou et al., (2008) used the 
remaining solids after the extraction process (bagasse) and evaluated the methane 
production. Furthermore, sweet sorghum bagasse was found to be a remarkable 
raw material for the paper industry, yielding high quality pulp (Belayachi and 
Delmas, 1997). 
 
Hemp and hemp silage 
Industrial hemp (Cannabis sativa L.), which is an annual plant mostly cultivated 
for its strong fibres, gets a growing interest as energy crop. Hemp has several 
features that makes it an interesting alternative biomass. The plant is rather drought 
tolerant, and can reach high biomass yields per hectare, up to 20-23 dry t/ha (Struik 
et al. 2000). The need for herbicides can be reduced because hemp is able to 
overgrow weeds. Thus, it is advantageous to use hemp in a crop rotation, 
especially in organic farming. Hemp fibre already has many industrial applications, 
for example in the textile or pulp and paper industries (Harris et al., 2008); it can 
be used in fibre-reinforced composites (Sgriccia et al., 2008) or as a construction 
material (Kylmälaäinen and Sjöberg, 2008). Hemp can be cultivated in various 
climates. In warmer areas, hemp can be dried in the field and stored dry. In other 
areas where rain is common during the harvest period in the autumn, ensiling can 
be a more suitable storage method. When using hemp as a biomass source for fuel 
production rather than as a fibre crop (Keller et al., 2001), harvesting should be 
postponed for 1-2 months to achieve the highest biomass yield. 
 
Cellulose content of hemp stem is quite high (about 44%) compared to other 
agricultural lignocellulosic materials, e.g. corn stover (Öhgren et al., 2005) or 
wheat straw (Linde et al., 2008). The high cellulose content and high biomass yield 
make hemp a good potential crop for bioethanol production. The hemp stem 
consists of bast fibres rich in cellulose and has rather low lignin content and a 
woody core having significantly higher lignin content (Garcia-Jaldon et al., 1998). 
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2.3 Pretreatment of lignocelluloses 

For most types of biomass, the enzymatic digestibility of the cellulose without 
some type of pretreatment is very low (<20%). The structure has to be loosen up 
and made it accessible for enzymes (Lynd et al., 1999). There is no one, general 
pretreatment method because different types of raw material require different 
treatments (Hahn-Hägerdahl et al., 2006; Wyman, 2007). Pretreatment can be 
classified as physical, biological, chemical or combined methods. The aim of 
pretreatment methods is to enhance and accelerate the hydrolysis of cellulose and 
hemicellulose with low energy and chemical input. 
 
The performance of physical pretreatments such as biomass comminution (e.g. 
milling) alone is poor while costs and energy demands are high. However, size 
reduction requirements for cellulosic biomass are determined by heat and mass 
transfer considerations (Wyman, 2007). Another physical method is irradiation of 
cellulose by γ-rays, which cleaves the β-1,4-glycosidic bonds, thus giving a larger 
surface area and a lower crystallinity. This method is, however, far too expensive 
to be used in a full-scale process (Takács et al., 2000, Galbe and Zacchi, 2007). 
Different steaming concepts, such as steam pretreatment (previously called steam 
explosion) or thermohydrolysis are efficient physical methods, but they are often 
combined with chemical catalysts. Autohydrolysis (thermohydrolysis without extra 
catalyst) hydrolyses hemicellulose using the acetic acid as catalyst released from 
hemicellulose itself.  
 
Biological methods based on lignin-solubilising organisms (white-rot fungi) are 
conceptually inviting because of their simplicity, low energy demands and 
environmental friendliness, but they are slow and they consume cellulose and 
hemicellulose in addition to lignin (Lynd et al., 1999). 
 
Chemical pretreatment methods are considered to be the ones, when any chemical 
substances are involved. Dilute sulphuric acid treatment at elevated temperature 
has already been shown as an effective method for various raw materials, however, 
it has important limitations; the very corrosive environment mandates exotic and 
expensive construction materials, and sugar degradation products such as furfural, 
solubilised biomass constituents, such as acetic acid, and corrosion products, such 
as metal ions, must be removed prior to fermentation (Yang and Wyman, 2008). 
Dilute acid treatment hydrolyses hemicellulose and transfers it to the liquid phase 
in monomer form, and results good yields of xylan recoveries. 
 
Alkaline pretreatment is more effective on agricultural residues and herbaceous 
crops, than on wood materials (Kim and Holtzapple, 2005). In contrast to acid 
pretreatment, alkaline pretreatment solubilises the lignin fraction of the biomass. 
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The use of high concentration of alkali-bases results partial degradation of 
hemicelluloses. The least expensive alkali is lime, available as quick lime (CaO) or 
slaked lime (Ca(OH)2), therefore pretreatment with these chemicals provide a low-
cost alternative for lignin removal at higher pH values (Kaar and Holtzapple, 
2000). Lime also removes acetyl groups that have been shown to affect hydrolysis 
rates. The remove of lignin improves enzymatic breakdown of cellulose through 
opening up the structure and reducing non-productive cellulase adsorption (Yang 
and Wyman, 2008). 
 
The use of ionic liquids for pretreatment of cellulosic biomass has recently 
received attention as a promising green solvent for biomass fractionation. Ionic 
liquids are non-flammable and recyclable solvents with very low volatility and 
high thermal stability. Carbohydrates and lignin can be simultaneously dissolved in 
ionic liquids with anion activity (such as 1-butyl-3-methylimidazolium cation) 
because the solvent forms hydrogen bonds between the non-hydrated chloride ions 
and the sugar hydroxyl protons. As a result, the intricate network of non-covalent 
interactions between biomass polymers of cellulose, hemicellulose, and lignin is 
effectively disrupted (Dadi et al., 2007, Yang and Wyman, 2008). This is rather 
new method, and there is no industrial application yet, however, the high price of 
these solvents suggest that application of this method in the future in production of 
cheap commodity product like ethanol is unlike. 
 
The main combined pretreatment methods are ammonia fibre explosion, ammonia 
recycle percolation, wet oxidation and steam-pretreatment. The later is described in 
details in section 2.3.1. The AFEX process treats lignocellulosic materials with 
liquid ammonia under pressure and then rapidly releases pressure. AFEX results 
cellulose decrystallisation, hemicellulose hydrolysis and disruption of the structure 
(Teymouri et al., 2005). The great advantage of the method is that ammonia is 
relatively easy to recycle. The small amounts (1-2% of the dry weight of the 
cellulosic material) of ammonia left behind can serve as a nitrogen source in 
subsequent fermentations. AFEX is a suitable pretreatment method for herbaceous 
feedstocks. AFEX treatment is a batch process, a continuous process performed in 
an extruder is called FIBEX (fibre extrusion), which significantly reduces both 
time required for treatment and ammonia levels required (Yang and Wyman, 
2008). Another type of process utilising ammonia is the ammonia recycle 
percolation (ARP) method. In the process aqueous ammonia (10–15 w/w%) passes 
through biomass at elevated temperatures (150–170°C), after which the ammonia 
is recovered (Kim and Lee, 2005; Galbe and Zacchi, 2007).  
 
Wet oxidation pretreatment involves the treatment of the biomass with water and 
air, or oxygen, at temperatures above 120°C, sometimes with the addition of an 
alkali catalyst. This method is suitable for materials with low lignin content, since 
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the yield has been shown to decrease with increased lignin content, and a large 
fraction of the lignin is oxidised and solubilised (Galbe and Zacchi, 2007) 

2.3.1 Steam pretreatment 

Steam pretreatment (also called steam explosion in earlier studies) was first used in 
1978 at Iotech Corporation Ltd. (Canada) to produce feed for ruminants from 
wood (Schultz et al., 1983). Steam pretreatment is the method applied already in 
large scale and it is suitable for agricultural and woody material as well. During 
steam pretreatment the raw material is treated with high-pressure saturated steam 
at a temperature typically between 160 and 240°C (corresponding to a pressure 
between 6 and 34 bar), which is maintained for several seconds to a few minutes, 
after which the pressure is released. During steam pretreatment, hemicellulose is 
solubilised and released in the liquid phase as oligomer and monomer sugars; 
therefore the cellulose in the solid phase then becomes more accessible to the 
enzymes (Galbe and Zacchi, 2007). During steam pretreatment lignin also 
undergoes some structural changes, it is partially broken down into low molecular 
weight products (Mw 400-8000) (Schultz et al., 1983) and lignin melts and 
reprecipitates during the process. The reprecipitation of lignin is not a purely 
physical phenomenon, as it may be enhanced or inhibited by the presence of low-
molecular-weight aromatic compounds from the extractives component of biomass 
(Lynd, 1996). During steam pretreatment, fermentation inhibitors such as sugar 
degradation products, aromatic compounds (from lignin degradation) and organic 
acids are released (Ramos, 2003; Palmqvist and Hahn-Hägerdahl; 2000a, 
Palmqvist and Hahn-Hägerdahl, 2000b). Ultrastructure of wood changes during 
steam pretreatment; the reprecipitation of lignin results in agglomerates lacking 
pores, while in the cellulose regions increased pore volumes were observed, prior 
to steam pretreatment (Donaldson et al., 1988). Effectiveness of steam 
pretreatment can be improved by using an acid catalyst, such as H2SO4 or SO2. The 
acid increases the recovery of hemicellulose sugars, and also improves the 
conversion in enzymatic hydrolysis of the solid residue. The use of an acid catalyst 
in steam pretreatment results in an action similar to dilute acid hydrolysis but with 
less liquid involved (Galbe and Zacchi, 2007). 
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2.4 Cell wall degrading enzymes 

Enzymes are proteins with catalytic activity accelerating chemical reactions. 
Enzymes have several advantages compared to chemical catalysts, such as less 
severe reaction conditions, stereoselectivity and environmental issues. Degradation 
if cell wall polymers require a sets of hydrolases for complete breakdown. 

2.4.1 Cellulolytic microorganisms 

Cell wall degrading microorganisms has an important role in nature, in the carbon 
cycle. A wide range of microorganisms produce complete cellulose system, 
including aerobic bacteria (Pseudomonas, Actinomycetes), facultative anaerobe 
bacteria (Bacillus, Cellulomonas), strict aerobe bacteria (Clostridium strains) and a 
large variety of fungal species (Trichoderma, Penicillum, Aspergillus) (Coughlan, 
1992). Moreover, cellulase genes from termites (Tokuda et al., 1999), crayfish 
(Bryne et al., 1999) and mannanase from blue mussel (Larsson et al., 2006) have 
already been isolated.  
 
The mostly studied cellulolytic microorganism is the fungus Trichoderma reesei. 
This strain (the wild type was first described as T. viride QM6a) has been isolated 
in the Solomon Islands during World War II, by the US Army, which has been 
mounted a basic research program to understand the causes of deterioration of 
military clothing and equipment in the jungles of the South Pacific, a problem that 
was wreaking havoc with cargo shipments during the war (Reese, 1976; Sheehan 
and Himmel, 1999). T. reesei is a saprophytic filamentous mesophilic soft rot 
fungus of the subdivision Deuteromycetes (Funghi imperfecti). Reproduction of 
T. reesei is performed via heavily branched conidiospores, and the single celled 
green conidiospores are associated in small terminal mucous lumps. Later, 
T. reesei has been verified as an asexual, clonal derivative of a population of the 
tropical ascomycete Hypocrea jecorina (Kuhls et al., 1996).  

2.4.2 Enzyme production by Trichoderma reesei 

Enzyme production using T. reesei strains has been the target of research in the 
past decades. Strain improvement has increased enzyme concentration, yield and 
productivity (by a factor of three), (Persson et al., 1991). The most commonly 
studied strain, Rut C30, has been mutated by Montenecourt and Everleigh (1979) 
at Rutgers University. The wild type QM6a was treated with UV-light and 
nitrosoguanidin (isolated Rut NG14) and then Rut NG14 was treated with 
UV-light, which has led to the isolation of Rut C30 (Figure 7). This strain is 
resistant to catabolite repression, as it carries a mutant form of the cre1 gene, 
which conveys glucose repression (Margolles-Clark et al., 1997).  
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Figure 7 Strain development from wild type T. reesei QM 6a (Persson et al., 1991). 

There are three states in the regulation of cellulases, at the transcriptional level in 
fungi: (1) expression at a basal level, (2) mass secretion of cellulases induced by 
inducers, and (3) glucose or catabolite repression (Suto and Tomita, 2001). The 
true natural inducer in soil ecosystems is still unknown, but several molecules have 
been identified as an effective inducer of the cellulase secretion, such as lactose, 
sophorose, cellobiose and synthetic compounds (thiols or esters of disaccharides), 
(Mandels et al., 1962; Margolles-Clark et al., 1997; Persson et al., 1991). 

2.4.3 Enzyme classification 

Enzymes are classified based on their substrate and mode of action, as 
recommended by the Enzyme Commission (EC). We can distinguish cellulase and 
hemicellulase (xylanases, mannanases, debranching enzymes, etc.) enzymes. 
However, some enzymes can act both on cellulose and on hemicellulose substrates, 
i.e. Cel5A of T. reesei, which has both endoglucanase and xylanase activity 
(Bailey et al., 1993). Enzymes acting inside the polymer chain are generally called 
endo-enzymes, while those acting on the end of the polymer chain are called exo-
enzymes. 
 
Enzymes regulating cellulose degradation are classified as endoglucanases 
(EC 3.2.1.4), exoglucanases or cellobiohydrolases (EC 3.2.1.91) and 
β-glucosidases (EC 3.2.1.21). Endoglucanases (EG) act inside the cellulose chain 
in a random manner. Endoglucanases are active on amorphous cellulose and on 
soluble cellulose-derivatives. The cleft-shape of the catalytic core (CC) allows 
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easier sorption and desorption of the enzymes inside the cellulose chain. 
Cellobiohydrolases (CBH) cleave glucose dimers (cellobiose) from the end of 
shorter oligosaccharides, as the end of the chain fits to the tunnel-shaped active site 
of the CC. CBHs move along the cellulose chain, cleaving every second β-1,4 
glycosidic bonds without desorption from the cellulose chain. This is called 
processive mode of action, while endoglucanases, where desorption is not blocked 
sterically, act unprocessively. β-glucosidases (BG) are not strictly speaking 
cellulases, as their substrate is cellobiose released by CBHs, but the role of BG are 
quite important, as cellobiose accumulation is known to inhibit the enzymatic 
activity of both the cellobiohydrolase and endoglucanase components (Stockton et 
al., 1991).  
 
Henrissat (1991) has proposed a classification system based on the enzymes’ 
amino-acid sequence similarities. Glycosyl hydrolases are divided into families 
within this system. Structural related families are further grouped into clans, 
representing a higher hierarchy of classification. The glycosyl hydrolase family 
(GHF) and clan classifications are online available at Carbohydrate Active 
Enzymes database (http://www.cazy.org/). 

2.4.4 Mechanism, synergistic models 

Cellulolytic enzymes, like all glycosyl hydrolases, hydrolyse glycosidic bonds via 
the mechanism of general acid catalysis. There are basically two types of 
mechanisms among cellulases. The first uses the charged environment of the 
catalytic site to activate a water molecule to act as a nucleophile, while an acidic 
amino acid residue donates the required proton. This is called the inverting 
mechanism, because, the protonation of the catalytic residues alternates or inverts 
at the completion of the hydrolysis reaction. The second mechanism, called the 
retaining mechanism, forms a covalently bound intermediate through nucleophilic 
attack of the charged amino acid on the glycosyl bond. The major difference 
between inverting and retaining glycosidases is the distance between two acidic 
residues, 4.8-5.3 Å for the retaining glycosidases, while this distance is 9.0-9.5 Å 
for the inverting enzymes (Moiser et al., 1999). 
 
Cellulase enzymes are regarded to act synergistically on cellulosic substrates. The 
first synergistic model was introduced in the early 1950s by Reese et al. (1950), 
when they have reported, that enzymes called cellulases consist of at least two 
consecutive systems; C1 enzyme capable to loosen up cellulose physically for CX 
enzyme, which produce small molecules able for diffusion into the cell. Later 
Petterson et al. (1972) has verified, that C1 enzymes have real, endo-type 
hydrolytic activity and CX enzymes are exo-enzymes releasing cellobiose from the 
end of the cellulose chain. The naming of the enzymes has changed from C1 to 
endoglucanases and from CX to cellobiohydrolases. As the molecular biology has 
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developed, the separation of individual endoglucanases and cellobiohydrolases was 
possible. It has been observed, that synergistic effect may not only arise among 
endoglucanases and cellobiohydrolases (endo-exo synergism), but also among the 
two exoglucanases (exo-exo synergism). Nidetzky et al. (1994) have shown, that 
the endo-exo synergism is not only important in the new chain end formation, as it 
was thought in the previous models, but also prepare the cellulose for further 
hydrolysis without cleavages. More recently, synergistic effect has been verified 
between cellulases and hemicellulases as well (Selig et al., 2008). 

2.4.5 Structure of cellulases 

The multi domain structure of T. reesei cellulases has first been reported by van 
Tilbeurgh et al. (1986), when investigated the proteolytic fragments of Cel7A. The 
modular structure has later been verified for other cellobiohydrolases and 
endoglucanases (Tomme et al., 1988). The two domains of cellulases are the 
catalytic core, which is responsible for the activity, while carbohydrate binding 
module is for the adsorption of the enzyme on the substrate (Figure 8).  
 

 
 

Figure 8 Multi-domain structure of T. reesei Cel7A (from NREL), catalytic core, 
linker and carbohydrate binding module. 

 
Catalytic core (CC) 
Catalytic cores have a large variety in activities, specificities and structure among 
cellulases. The topology of the active site determines the mode of action. The 
shape of the active sites can be classified as pocket-, tunnel- or cleft-shaped. It is 
suggested, that cellobiohydrolases have tunnel shaped active sites, whereas related 
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endoglucanases have a more open active site cleft (Kleywegt et al., 1997). The 
extra surface loops forming the tunnel in cellobiohydrolases prevent the separated 
cellulose chain from re-adhering during enzyme action. After the catalytic event, 
the chain remains trapped inside the tunnel whereas it is free to diffuse away from 
a more open active site, such as in the endoglucanases (Kleywegt et al., 1997). 
β-glucosidases have pocket shape active site. Cellulases are named and classified 
according to molecular properties of their CC (Henrissat, 1991). 
 
Carbohydrate Binding Module (CBM) 
Carbohydrate binding modules are non-catalytic structural domains of cellulases. 
The roles of CBMs are (i) a proximity effect, (ii) a targeting function and (iii) a 
disruptive function (Boraston et al., 2004). CBMs increase the local concentration 
of the enzymes on the cellulose surface and liberate the cellulose chain from the 
crystalline structure. All T. reesei cellulases except Cel12A have CBM, and these 
CBMs belong to Family I. The binding sites of the CBMs are built up from three 
aromatic amino acid side chains (tyrosine or tryptophan) forming a flat 
hydrophobic surface. All T. reesei CBMs are built up from 36 amino acids. 
Sequence alignments of the T. reesei cellulose-binding domains shows that CBMs 
are highly conserved (60% sequence identity) with only one insertion and one 
deletion, each of one amino acid, in Cel45A (Hoffrén et al., 1995). 
 
Linker region 
The role of the linker region is making the connection between CC and CBM. 
Linker is rich in glycine, proline, serine and threonine, 22-44 amino acids long and 
its O-glycosylation is probably protect it against proteolytic attack (Claeyssens and 
Tomme, 1989).  
 

2.4.6 Trichoderma reesei cellulases  

To our present knowledge, T. reesei secretes two cellobiohydrolases and five 
endoglucanases, and has several (at least 32) other glycosyl hydrolases that have a 
function in biomass degradation (Foreman et al., 2003). In addition to cellulases 
two β-glucosidases (Cel3A and Cel1A) are also produced by the fungus. The main 
molecular properties of these enzymes are presented in Table 2.  
 
For the complete hydrolysis of crystalline cellulose, a whole set of enzymes are 
required. The four major cellulases of T. reesei are Cel7A, Cel6A, Cel7B and 
Cel5A. Other cellulases accounts for less than 1% of the cellulase activities, 
however, these enzymes might be also important due to their small size.  
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Table 2 Molecular properties of T. reesei cellulases. 

Name 
Old 

name 
Amount 

[%] 
Mw

1
 pI 

Stereo-
selectivity

2
 

CBM
3
 

Gene 
code 

Cel7A CBH I 50-60 52 (66) 4.3 R C P00725 
Cel6A CBH II 17-20 47 (53) 5.9 I N P07987 
Cel7B EG I 6-10 48 (50-55) 4.5 R C P07981 
Cel5A EG II 1-5 42 (48) 5.6 R N P07982 
Cel12A EG III 0.2-1 25 7.5 R - O00095 
Cel61A EG IV <0.1 34 (56) ~6 ? C O14405 
Cel45A EG V <0.1 23 (36) 2.9 I C P43317 

1
Molecular weight, calculated from amino-acid sequence and measured on SDS-PAGE (in 

parenthesis)
 

2
Stereoselectivity: R-retaining, I-inverting 

3
Position of CBM, C-terminal or N-terminal of the CC 

 

These enzymes are diverse in substrate specificity as shown on Table 3. The 
different substrate specificities of the enzymes can be related with their molecular 
properties. 
 

Table 3 Substrate specifities of T. reesei cellulases.  

Name Avicel PASC CMC MULac MUG2 MUG3 

Cel7A + + - + + - 
Cel6A + + ? - n.r. + (G2) 
Cel7B + + + + + - 
Cel5A + + + - - + 
Cel12A ? + + - - - 
Cel61A + + + - - - 
Cel45A - + + - - - 

 
Cel7A is expressed in highest quantity of T. reesei cellulases. It has been shown, 
that the enzyme acts on the reducing end of the cellulose chain. It is also believed, 
that Cel7A hydrolyses the cellulose chain processively, which means, that the 
enzyme moves along the same chain, and cleaves cellobiose. It has activity against 
methyl-umbelliferyl-lactoside, but can be inhibited with cellobiose.  
 
CBH Cel6A acts on the non-reducing end of the cellulose chain. This is the second 
most abundant cellulase of T. reesei. It has activity against solid cellulose 
substrates. A possible endoglucanase activity of the enzyme has also been reported 
(Kyracou et al., 1987). It has also been found, that during the hydrolysis not only 
cellobiose, but also glucose is liberated (Kyracou et al., 1987). 
 
The EG Cel7B belongs to Glycosyl Hydrolase Gamily (GHF) 7, together with the 
CBH Cel7A. The two enzymes have the same structure, but the endoglucanase 
lacks the loop from the CC, which forms the tunnel in the cellobiohydrolase. This 
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enzyme acts on cotton, xylan, solid and soluble substrates as well. The activity of 

Cel7B is measured against methyl-umbelliferyl-lactoside in presence of cellobiose.  

 

Cel5A acts against solid (Avicel) and soluble (carboxymethyl cellulose) substrates. 

Mannanase and xylanase activity of the enzyme has also been reported. Cel12A is 

the only known T. reesei cellulase lacking CBM.  

 

Trichoderma reesei secretes two β-glucosidases, namely Cel3A (BGLI) and Cel1A 

(BGL II). Cel3A is an extracellular enzyme and catalyses cellobiose hydrolysis, 

while Cel1A is a cell-wall bound intracellular enzyme. The presence of 

β-glucosidases in close proximity to the fungal cell wall may limit loss of glucose 

to the environment following cellulose hydrolysis. T. reesei produces 

β-glucosidases at low levels compared to other fungi such as Aspergillus species. 

Furthermore, the β-glucosidases of T. reesei are subject to glucose inhibition 

whereas those of Aspergillus species are more glucose tolerant. The levels of 

T. reesei β-glucosidase are presumably sufficient for growth on cellulose, but not 

sufficient for extensive in vitro saccharification of cellulose (Lynd et al., 2002). 

 

2.4.7 Hemicellulases 

In addition to cellulases, a number of hemicellulases are needed for the complete 

hydrolysis of lignocellulosic substrates. There are several classifications of 

hemicellulases available. Beside the widely used system, based on molecular 

similarities (Henrissat, 1991), hemicellulases are frequently classified by the type 

of hemicellulose hydrolysed. 

 

For the complete hydrolysis of arabinoxylan, which is the main hemicellulose of 

the secondary cell wall, several enzymes, such as endo-1,4-β-xylanase 

(EC 3.2.1.8), β-D-xylosidase (EC 3.2.1.37), α-glucuronidase (EC 3.2.1.139), 

α-L-arabinofuranosidase, (EC 3.2.1.55) and acetyl (xylan) esterase (EC 3.1.1.72) 

enzymes are needed (Biely, 1985). Endo-1,4-β-xylanase attacks the polysaccharide 

backbone, and β-xylosidase, hydrolyses xylo-oligosaccharides to D-xylose. 

Debranching enzymes liberate the side chain sugars, and are 

α-L-arabinofuranosidase, and α-glucuronidase. There are claims, that 

α-L-arabinofuranosidase activity is an inherent property of some xylanases (Biely, 

1985). Liberation of acetic acid by acetyl-xylan esterases creates new substrate 

binding sites on the polysaccharide backbone for xylanases.  

 

Members of the two best known families, GHF 10 and GHF 11, differ in their 

physico-chemical properties (molecular mass, isoelectric point), as well as in their 

3D structure (Kolenková et al., 2006). GHF 10 endoxylanases are capable for 

attacking the glycosidic linkages next to the branch points and require 
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2 unsubstituted xylopyranosyl residues between the branches. Endoxylanases of 

GHF 11 requires 3 unsubstituted consecutive xylopyranosyl residues for being able 

to hydrolyse the xylan backbone (Subramaniyan and Prema, 2002). 

 

Xyloglucans are the main hemicelluloses of the primary cell wall and hydrolysed 

by xyloglucan specific endoglucanases (2.4.1.207/3.2.1.51), xyloglucanases 

(EC 3.2.1.151) β-D-galactosidases (3.2.1.23), α-L-fucosidases (3.2.1.63) and 

xyloglucan-active α-D-xylosidases (3.2.1.37) (Grishutin et al., 2004). 

 

Softwoods contain galacto-glucomannans as hemicellulose. This polysaccharide is 

first hydrolysed by endo-mannanase (EC 3.2.1.78) to smaller fragments and then 

by β-D-mannosidases (EC 3.2.1.25) or α-galactosidases (EC 3.2.1.22) to 

monomers. 
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2.5 Enzymatic hydrolysis 

Enzymatic hydrolysis means the breakdown of cellulose to monomer sugars by 

cellulase enzymes. Utility cost of enzymatic hydrolysis is low compared to acid or 

alkaline hydrolysis because enzymatic hydrolysis is usually conducted at mild 

conditions (pH 4.8 and temperature 45–50°C) and does not have corrosion 

problems (Sun and Cheng, 2002). There are three main issues worth to investigate 

regarding enzymatic hydrolysis nominated by Sun and Cheng (2002); (1) increase 

the substrate concentration in the hydrolysis mixture, (2) decrease the end product 

inhibition of the enzymes and (3) reduce the enzyme loadings needed for efficient 

conversion. 

 

Substrate concentration is one of the main factors that affect the yield and initial 

rate of hydrolysis (Sun and Cheng, 2002) and especially important for low-value 

products, such as ethanol. In case of ethanol production high concentration of 

product and thus initial substrate concentration is essential for the process 

economy due to the energy requirement of the downstream processing (Zaldivar et 

al., 2001). Operating hydrolysis with high initial substrate concentrations correlates 

with the problem of product inhibition (Jørgensen et al., 2007a). In addition, the 

initial viscosity of the hydrolysis mixture at these elevated substrate concentrations 

is very high, which makes mixing difficult and inadequate while the power 

consumption becomes high (Jørgensen et al., 2007a). A special reactor designed 

for the hydrolysis of lignocellulosic material with up to 40% initial dry matter 

concentration, relies on the principle of gravity mixing, has already been published 

(Jørgensen et al., 2007b). To decrease end product inhibition, alternative 

hydrolysis scenarios, such as SSF, SSCF or CBP (described in section 2.1) may be 

applied. 

 

Increasing the dosage of cellulases in the process can enhance the yield and rate of 

the hydrolysis, but would significantly increase the cost of the process (Sun and 

Cheng, 2002). Currently, enzyme cost in cellulosic ethanol production is about 

10-15 c€/l (Sassner et al., 2008; Lynd et al., 2008) which is about 20-25% of the 

total costs. This could be cut down by (1) cheaper enzymes; (2) increasing the 

cellulase activity by optimization of the enzyme components (Sun and Cheng, 

2002); (3) the decrease of unproductive enzyme binding (Eriksson et al., 2002) or 

(4) enzyme recycling (Galbe et al., 1990). In addition to cellulases, hemicellulases 

have an important role during the breakdown of lignocelluloses, as accessory 

enzymes (Berlin et al., 2005), as cellulose and hemicellulose are in strong 

association in the lignocellulose complex. The action of hemicellulases is needed 

to make cellulose fibres accessible for cellulases. 
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There are other non-catalytic proteins, such as expansins or swollenins, which have 
been shown to disrupt the crystalline structure of cellulose, thus making it more 
accessible for enzymes (Saloheimo et al., 2002; Jørgensen et al., 2007a). This may 
show a new strategy to improve hydrolysis, to increase substrate accessibility for 
non-processive enzymes, rather than on improving the properties of processive 
enzymes (Horn et al., 2006) as non-processive chitinase enzymes in the presence 
of swollenin-like chitin binging proteins have already been found to be more than 
one order of magnitude better, than processive enzymes. 

2.5.1 Enhanced hydrolysis by surfactant/polymer addition 

There is an increased interest on the enhancement of the enzymatic hydrolysis by 
addition of extra enzyme components (Benkő et al., 2008; Berlin et al., 2005), 
other kinds of proteins (such as bovine serum albumin, BSA) (Yang and Wyman, 
2006), surfactants (Helle et al., 1993; Eriksson et al., 2002; Mitzutani et al., 2002; 
Kristensen et al., 2007) or other chemicals (such as polymers) (Börjesson et al., 
2007; Kristensen et al., 2007). Surfactants are not new for the cellulase researchers. 
Already Reese and Maguire (1969) have reported that surfactants act as stimulants 
for cellulase production of fungi, while Kim et al. (1982) has shown that they 
protect cellulases from surface deactivation. Later their role in hydrolysis has been 
investigated in detail. In an early study by Castanon and Wilke (1981), a positive 
effect of Tween 80 surfactant was reported for newspaper hydrolysis. Park et al. 
(1992) have also found favourable effects by using different surfactants in the 
hydrolysis of newspaper and reported a doubling of the amount of reducing sugars 
released using octylphenyl- and nonyphenyl-ethers. Ooshima et al. (1986) 
increased the conversion of pure cellulose (Avicel) by 35% using Tween 20. In 
their study, surfactant addition resulted in an enrichment of endoglucanases in the 
liquid phase, and thus they concluded that the surfactant enhances the synergistic 
action of endoglucanases and cellobiohydrolases on the surface of cellulose.  
 
Regarding lignocellulosic materials, it has also been found that higher conversion 
could be obtained in the hydrolysis by addition of surface active agents on 
substrates containing lignin (Börjesson et al., 2007). Using surfactant addition, the 
conversion of corn stover did not decrease when lower enzyme loadings were 
applied (Kaar and Holtzapple, 1997). The most important enhancing effect of 
surfactants on lignocelluloses is based on the fact that enzymes can adsorb 
unproductively to the surface of lignin and surfactants can prevent this kind of 
inactivation of cellulases. Eriksson et al. (2002) reported a study in which a 
number of surfactants (such as Tween 20, Tween 80, Triton X-100, Agrimul and 
SDS) were tested for their ability to improve cellulose hydrolysis. Non-ionic 
surfactants were found to be the most effective. The addition of Tween 20 was 
found to be advantageous on the ethanol production in the case of SSF of SPS 
(Alkasrawi et al., 2006a). When the structure of the surfactants was further 
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investigated (Börjesson et al., 2007), it was found that the enhancing effect has 
increased when the ethylene-oxide (EO) chain (hydrophilic tail) of the surfactant 
was longer. As the effect was rather dependent of the length of hydrophilic EO tail 
(Börjesson et al., 2007) instead of the hydrophobic part (Helle et al., 1993), pure 
poly(ethylene oxide) polymer and poly(ethylene glycol) were also studied, and 
were found to increase the hydrolysis of SPS. In a study by Kristensen et al. (2007) 
different non-ionic surfactants and PEG 6000 were screened in hydrolysis of wheat 
straw pretreated with various techniques and PEG was found to be efficient in the 
increase of cellulose conversion and the free endoglucanase concentration after 
hydrolysis. PEG 4000 was also tested as an additive in water and dilute acid 
pretreatment of corn stover (Qing et al., 2010). PEG had little impact on the 
removal of lignin during hydrolysis in contrast to Tween 80, while it had positive 
effect on the glucan conversion in enzymatic hydrolysis of the pretreated material. 
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2.6 Ethanol fermentation 

The final step of upstream processes is the fermentation of monomer sugars to 
ethanol. The most common ethanologenic microorganism is bakers’ yeast 
(Saccharomyces cerevisiae), which forms ethanol from sugars under anaerobic 
conditions by the following reaction: 
 
 C6H12O6   2 C2H5OH   +   2 CO2 
 
Sugars are first converted to pyruvate in the glycolysis. In most microorganisms, 
lactic acid is formed under anaerobic conditions, but in case of etanologen 
microorganism, pyruvate is first converted to acetaldehyde, then to ethanol. This 
metabolic pathway is less efficient, than the tricarboxylic acid cycle, but can be 
performed in the absence of oxygen. However, ethanologen microbes can form 
ethanol in the presence of oxygen, when the glucose concentrations are higher, 
than the maximum that can be consumed by tricarboxylic acid cycle, which is the 
so-called Crabtree effect. This is the basis of the very high gravity ethanol 
fermentation, when ethanol is produced under aerobic conditions (Bvochora et al., 
2000). 
 
In the cellulosic ethanol process, ethanol fermentation can be performed separately 
from the enzymatic hydrolysis (SHF) or simultaneously (SSF) (Olofsson et al., 
2008). The advantage of SHF is the ability to carry out each step under optimal 
conditions, i.e. enzymatic hydrolysis at 45-50°C, and fermentation at 30°C. The 
major drawback is that the released sugars inhibit the enzymes during hydrolysis, 
especially at high substrate concentrations. In SSF, the glucose produced is 
immediately converted to ethanol, what decreases end product inhibition of the 
enzymes. The temperature of 35°C in SSF is a compromise between the separate 
steps. The major disadvantage of SSF is the difficulty in recycling and reusing the 
yeast (Galbe and Zacchi, 2002). However, difference between the performances of 
SHF and SSF cannot be clearly distinguished. A drawback of high substrate 
concentration is the increased amount of inhibitors present during the fermentation 
system, which decreases the yeast performance, and the ethanol yield. 
 
Beside S. cerevisiae, there is a branch of other microorganisms that can generate 
ethanol from sugars, such as anaerobic bacteria (like Zymomonas mobilis), other 
ethanologen yeasts or genetically engineered microbes, such as Escherichia coli 
(Zaldivar et al., 2001), but they are usually less tolerant to high ethanol 
concentrations or fermentation inhibitors. The main drawback of S. cerevisiae in 
ethanol fermentation is the lack of ability to consume pentoses, while some of the 
above mentioned microbes can. This problem is discussed in section 2.6.2. 
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2.6.1 Fermentation inhibitors 

Inhibitory compounds are formed during the pretreatment of lignocelluloses. They 
are often classified based on their origin, as (1) sugar degradation products 
(furfural and 5-hydroxymethyl furfural (HMF)) (2) organic acids, released from 
hemicellulose (acetic acid, glucuronic acid), or produced during sugar degradation 
(levulinic acid, formic acid), (3) lignin degradation products (e.g. cinnamaldehyde, 
p-hydroxybenzaldehyde, syringaldehyde) or (4) corrosion products (e.g. metal 
ions) (Lynd, 1996). To improve ethanol production efficiency, either the tolerance 
of yeast toward inhibitors can be increased by adaptation prior to fermentation 
(Alkasrawi et al., 2006b) or inhibitors can be removed by detoxification processes 
(Palmqvist and Hahn-Hägerdahl, 2000a). 
 
Sugar degradation products are formed from dehydration of hexoses and pentoses. 
The reaction schema for the thermal degradation of sugars is shown on Figure 9. 
Furfural and HMF can be metabolised by yeast at low concentrations (Palmqvist 
and Hahn-Hägerdahl, 2000b). 
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Figure 9 Reaction schema for thermal degradation of sugars during steam 
pretreatment (adapted from Ramos, 2003). 

The inhibitory effect of weak organic acids is connected with their protonated 
form, because it can diffuse across the plasma membrane (Palmquist and 
Hanh-Hägerdahl, 2000b), therefore the pH of the fermentation is important 
parameter. In addition, weak acids at low concentration have been shown to 
stimulate ethanol formation of S. cerevisiae (Larsson et al., 1999). Phenolic 
compounds partition into biological membranes and cause loss of integrity, thereby 
negatively affecting their ability to serve as selective barriers (Palmquist and 
Hanh-Hägerdahl, 2000b), but they are usually present at low concentrations. 
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2.6.2 Pentose fermentation 

There are several yeast and bacteria that can utilise pentoses for ethanol 
fermentation. Xylose fermenting yeast (such as Candida shehatae, Pichia stipitis 

or Pacchysolen tannophylus) have low tolerance toward ethanol and inhibitors, 
while bacteria utilising xylose (such as Klebsiella, Erwinia, Bacillus and 
Clostridium strains) produce low amount of ethanol, which makes them unsuitable 
for this purpose. One option to increase ethanol yield and tolerance is to engineer a 
suitable organism for pentose utilisation. This can be done either from naturally 
xylose fermenting organisms or by the insertion of xylose fermenting pathways to 
S. cerevisiae (Öhgren, 2006).  
 
The bacterial and fungal xylose utilisation pathways are different. Bacterial system 
converts xylose by xylose isomerase to xylulose in one step. In xylose fermenting 
yeasts, the first step is the reduction of xylose to xylitol by xylose reductase, then 
this is oxidised by xylose dehydrogenase to xylulose. Xylulose is then 
phosphorylated by xylulokiase, and xylulose-5-phosphate can enter the pentose 
phosphate pathway (Gárdonyi, 2002). The disadvantage of engineering 
S. cerevisiae is, that xylose uptake is performed by glucose transporters, which 
have two-order magnitude higher affinity to glucose, than to xylose, and thus 
utilisation of xylose is inhibited by the presence of glucose (Kötter and Ciriacy, 
1993).  
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3 MATERIALS AND METHODS 

3.1 Lignocellulosic raw materials 

In this section, the lignocellulosic raw materials used during the experiments are 

presented. Sweet sorghum bagasse, hemp and ensilaged hemp are novel substrates 

for the bioethanol process, and described in details in sections 4.1.1 and 4.1.2. 

Spruce and willow have already been investigated for this purpose, and were used 

as softwood and hardwood substrates, respectively. Corn stover and wheat straw 

are abundant agricultural residues. 

 

Sweet sorghum bagasse 
Sweet sorghum is a promising plant as energy crop due to the sweet juice 

containing high concentration fermentable sugars and the bagasse fraction, which 

has several ways for utilisation. Hungarian sweet sorghum variety “Berény” was 

cultivated at Research Institute, Karcag (Centre for Agricultural Sciences and 

Engineering, University of Debrecen, Hungary N47°18’; E20°55’) in 2006. This 

variety is a double cross sweet sorghum hybrid, with a yield of 60-80 tons of fresh 

stem per hectare that is mainly processed to silage. The ratio of stem, leaves and 

panicles was found to be about 76%, 16% and 8%, respectively. Sweet sorghum 

bagasse was used as feedstock in Paper I. 

 

Hemp and hemp silage 

Industrial hemp (Cannabis sativa L.), which is an annual plant mostly cultivated 

for its strong fibres, was investigated for steam pretreatment and bioethanol 

production. Industrial hemp of a French cultivar, Futura 75, was cultivated at 

Nöbbelöv, close to Lund, Sweden (N55°43’; E13°08’) in a field trial. The hemp 

was sown on 4
th

 April 2007, and harvested on 3
rd

 and 4
th
 September. The average 

dry matter yield was 16 t/ha.Three samples of dry hemp stem were harvested 

manually and air dried. Dry hemp samples were comminuted with a garden 

shredder (AXT 2500 HT, Robert Bosch GmbH, Germany) to a length of 2-3 cm.  

 

Silage was prepared from hemp (full plant including leaves) fertilised with 

200 kg N/ha, which was harvested and shredded to ~2 cm pieces using a Claas 

Jaguar maize forager equipped with a traditional maize header. The hemp was 

ensiled without additives in round bales made by an Orkel MP 2000 stationary 

baler. The round bales where wrapped in silage plastic and stored for 8 months, 

from September 2007 to May 2008, when samples were taken from the ensiled 

hemp. Hemp and hemp silage were used as feedstocks in Paper II. 
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Spruce 
All over North-Europe softwood is the most abundant raw material for 
lignocellulose based ethanol production. One of the dominant species is spruce 
(Picea abies). Softwood contains more mannan and less xylan, which is rather 
good in lack of pentose fermenting organism. Spruce contains significantly higher 
amount of lignin, than other lignocelluloses. Spruce chips (from sawmill 
Widtsköfle Sågwerk AB, Degeberga, Sweden) were steam pretreated at 210°C for 
5 min (after impregnation with 2.5% SO2) and used as substrate in Papers III-VI.  
 
Willow (Salix) 
Short rotation willow (Salix) is a fast growing crop cultivated on arable land. It is 
mainly used as energy crop and harvested in 3- or 5-year rotation. Its higher 
heating value and other combustion properties are similar to other woody 
materials. Willow can be used for environmental goals as it can accumulate heavy 
metals from contaminated soil. In Paper VI, willow variety Tora (Salix schwerinii 

x Salix viminalis) was used as substrate after steam pretreatment at 190°C for 
12 min, after impregnation with 2% SO2.  
 
Corn stover 
Corn stover is an agricultural byproduct consists of stalk and leaves left in the field 
during harvest. For every kg of corn kernel, approximately the same amount of 
corn stover is left in the field (Kim and Dale, 2004). About 520 million tons of dry 
corn stover is produced annually world-wide (Kim and Dale, 2004), but this is not 
the amount to be utilized, as some of the corn should left in the field to prevent soil 
erosion, especially in the Corn Belt in the US. Corn stover was steam pretreated at 
ENEA, Italy in a flow-through reactor at 190°C for 5 min and used as fermentation 
carbon source in Paper III, and as substrate in enzymatic hydrolysis in Paper III 
and VI. 
 
Wheat straw 
Wheat straw is an agricultural residue, available in abundance. The weight of the 
produced wheat straw is approximately the same, as the weight of the produced 
wheat kernel. The mass of the green fraction (the straw and leaves together) 
depends on the intake of nitrogen. The main advantage of wheat straw is its 
relative low lignin content and high hemicellulose content, which can be easily 
degraded during the pretreatment. The world-wide available wheat straw for 
ethanol production is calculated to be 354 million tons annually (Kim and Dale, 
2004). Wheat straw was steam pretreated according to Linde et al. (2008) 
(0.2% H2SO4 impregnation, 190°C, 10 min) and used as substrate in Paper VI.  
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3.2 Model substrates 

Solka Floc 200 
Solka Floc (SF) is a delignified pinewood commercially available product 
(obtained from International Fiber, New York, NY), which is produced from 
milled wood by several extraction steps. Solka Floc has significant xylan content 
(10-15%). It is commonly used as a model carbon source for cellulase production. 
The DP of Solka Floc is about 3000 (Wood, 1997). 
 
Avicel 
Avicel is microcrystalline cellulose, commercially available. It is prepared from 
fibrous cellulose by hydrolysis with 2.5 M HCl followed by neutralising, washing 
steps blending and drying by solvent exchange. It is suggested, that the amorphous 
regions are attacked by the acid treatment leaving crystalline particles behind. The 
DP of Avicel is low (100-250) which makes it a useful substrate for exocellulases, 
i.e. cellobiohidrolases (Wood, 1997). 
 

3.3 Enzymes 

Commercial enzyme preparations 
The enzymes used in the hydrolysis were Celluclast 1.5L and Novozym 188 
(Novozymes A/S, Bagsværd, Denmark). Filter paper activity of Celluclast 1.5L 
was ~90 FPU/ml (measured using the modified Mandels’ method) and 
β-glucosidase (pNPGase) activities were ~35 IU/ml and 400-500 IU/ml for 
Celluclast 1.5L and Novozym 188, respectively. The activities of the enzymes 
have varied between the different lots. 
 
Enzymes produced in shake flasks 
Freeze-dried conidia of T. reesei Rut C30 (ATCC56765) were obtained from the 
American Type Culture Collection (ATCC). The stock culture of the fungus was 
maintained on agar slants containing 50 g/l malt extract, 5 g/l glucose, 1 g/l 
proteose peptone and 20 g/l bacto agar. After 14 days of incubation at 30˚C, the 
greenish conidia were suspended in 5 ml sterile water and 1.5 ml of this suspension 
was transferred to 750 ml Erlenmeyer flask containing 150 ml sterile and pH 
adjusted (5.6-5.8) modified Mandels’ medium (Mandels and Weber, 1969). 
Concentration of nutrients were 0.4 g/l urea, 1.87 g/l (NH4)2SO4, 2.67 g/l KH2PO4, 
0.53 g/l CaCl2·2 H2O, 0.81 g/l MgSO4·7 H2O, 0.33 g/l yeast extract, 1.00 g/l 
proteose peptone and 10.00 g/l lactose. The medium was supplemented with the 
following trace elements: 6.6 mg/l FeSO4·7 H2O, 2.1 mg/l MnSO4·H2O, 1.9 mg/l 
ZnSO4·7 H2O, 26.7 mg/l CoCl2. The precultures were incubated at 30˚C for 3 days 
on an orbital shaker (250 rpm). 
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An aliquot of 15 ml of 3 days old inoculum cultures was used to initiate growth in 

a 750 ml Erlenmeyer flask containing 150 ml of the modified Mandels’ medium 

described in the previous section. To maintain constant pH (5.8) in the flasks 

0.1 M Tris base-Maleic acid buffer system was applied (Juhász et al., 2004, Juhász 

et al., 2005a,b). After inoculation, the flasks were incubated for 8 days at 28°C and 

250 rpm.  

 

Purified enzymes 

Purified cellobiohydrolases (Cel7A and Cel6A) were used as markers in gel 

electrophoresis experiments to verify the cellobiohydrolase band on the gel 

images. Pure Xyn11A from T. reesei and Cel3A β-glucosidase from Novozym 188 

(Aspergillus strain) was used to test the role of these enzymes in hydrolysis of 

various substrates (Paper III). 

 

Purification of T. reesei Cel7A (CBH I) and Cel6A (CBH II) used in the gel 

electrophoresis was carried out according to the method described elsewhere 

(Suurnäkki et al., 2000). 

 

Purification method for Aspergillus Cel3A (β-glucosidase) is a novel method. 

Cel3A (Mw 130 kDa on SDS-PAGE, 388 IU/ml activity) was purified from a 

commercial preparation (Novozym 188) by a two-step chromatographic procedure, 

using columns and chromatography media available from GE Healthcare. The 

preparation was first desalted and equilibrated with 0.02 mM sodium citrate buffer 

(pH 3.5) using a Sephadex G 25C column. After that, the sample containing 35 g 

of protein was loaded in two identical runs on a SP Sepharose FF column (450 ml), 

equilibrated with 0.02 M sodium citrate, and eluted using a gradient of 0-0.25 M 

sodium chloride. Protein fractions with high β-glucosidase activity eluting by 

0.12-0.18 M NaCl were pooled, concentrated by ultrafiltration (10,000 Da nominal 

Mw cut-off), equilibrated with 0.02 mM sodium acetate buffer (pH 5.0) using a 

Sephadex G-25C and loaded (1.78 g protein) on a DEAE Sepharose FF column 

(390 ml) equilibrated by 0.02 mM sodium acetate buffer at pH 5.0. The fractions 

containing high β-glucosidase activity and eluting by a NaCl gradient at 

0.16-0.18 M salt were combined and concentrated by ultrafiltration as above. 

Totally 0.70 g protein was recovered with activity yield of 40% in the whole 

purification procedure.  

 

Xyn11A (xylanase II), having Mw around 23 kDa and activity of 1860 IU/ml was 

purified from T. reesei culture broth according to Tenkanen et al. (1992) but 

omitting the last gel filtration step.  
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3.4 Steam pretreatment 

Sweet sorghum bagasse, dry hemp, hemp silage, spruce, willow and wheat straw 
were steam pretreated at the Department of Chemical Engineering, Lund 
University, Sweden in a 10 litre batch reactor (Figure 10) described in details by 
Palmqvist et al. (1996). The material was impregnated with SO2 (based on 
moisture content) 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.  
 

 
 
Figure 10 Steam pretreatment unit; 1: flash cyclone, 2: reactor, 3: steam generator, 

4: operator computer. 
 

3.5 Analysis of lignocellulosic substrates 

Structural carbohydrates and lignin 
Lignin and carbohydrate content of raw and pretreated materials were analysed 
using NREL protocol (Sluiter et al., 2008a) with some modification in some cases. 
The amount of oven dried (105°C) samples was 0.5 g that was hydrolysed with 
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2.5 ml 72% sulphuric acid at room temperature for 2 hours. After the reaction time 

was reached, this mixture was diluted with 72.5 ml distilled water and the 

hydrolysis was continued at 121°C for 60 min. The samples were filtered through 

G4 filter crucibles. The remaining lignin on the filter was dried at 105°C, weighted 

and placed in furnace at 550°C for 6 hours. The Klason lignin content was taken as 

the ash free residue after hydrolysis. Ash content was determined gravimetrically. 

Samples were placed in furnace at 550°C for 6 hours then the ash content was 

calculated from the weight loss of samples. 

 

Water and ethanol extractives 

Extractive contents of the dry hemp samples were determined according to the 

NREL protocol (Sluiter et al., 2008c), with the modification that samples were 

dried at 105°C before and after extraction and the extractives were calculated as 

loss in weight by the samples. 

 

Water soluble sugars and oligosaccharides 

The content of various sugars after steam pretreatment in the liquid fraction 

obtained by filtration was analysed according to the NREL protocol (Sluiter et al., 

2008b). Oligomer sugars were determined as the difference in monomer sugar 

concentrations with and without dilute acid hydrolysis of the liquid samples. Each 

sample was analysed in duplicate. 

3.6 Enzyme activity assays 

Filter Paper Activity 
Two different assays, namely the Mandels’ and the IUPAC method were used 

during the work. The Mandels’ method assumes the enzymatic reaction to be linear 

up to 2 mg released glucose, and allows lower dilutions for the assay, therefore 

more suitable for enzyme fermentation studies. IUPAC protocol set the amount of 

released sugars in 2 mg, and calculates Filter Paper Activity (FPA) by interpolating 

two dilutions; releasing slightly less and slightly more glucose, than 2 mg. 

FP activity is expressed as Filter Paper Unit (FPU). 

 

Mandels’ method 

FPA measurement was carried out according to Mandels et al. (1976), with the 

modification, that an enzyme dilution releasing 1 mg glucose was used instead of 

2 mg. To keep the pH at 4.8, sodium acetate buffer (0.05 M) was used. This 

method was used to determine the FPA of the enzymes, otherwise indicated. 

 

IUPAC method 

FPA for the enzyme profile characterization was measured according to the 

procedure recommended by IUPAC (Ghose, 1987) and was used to determine FPA 

in Paper II and III. 
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There is approximately 30-50% difference in FPA values achieved with the two 
described methods to the favour of modified Mandels’ method. This difference is 
dependent on the β-glucosidase activity of the sample.  
 
β-glucosidase 
β-glucosidase activity was measured according to Berghem and Petterson (1974) 
with some modification. The substrate was 5 mM 4-nitrophenyl-β-D-
glucopyranoside (pNPG) in sodium acetate buffer at pH 4.8. One ml pre-incubated 
substrate was mixed with 0.1 ml diluted enzyme solution and incubated for 
10 minutes at 50˚C. The reaction was terminated by addition of 2 ml of 1 M 
Na2CO3 solution and then diluted with 10 ml distilled water. The amount of the 
liberated 4-nitrophenol was measured at 400 nm against substrate blank.  
 
In Paper III β-glucosidase activity was measured using 1 mM pNPG (Merck, 
Hohenbrunn, Germany) as substrate according to Bailey and Nevalainen (1981). 
For T. reesei enzyme preparations, 1 aryl-β-glucosidase unit corresponds to 0.3-0.4 
cellobiase units (Estbauer et al., 1991). 
 
Overall endoglucanase 
Overall endoglucanase activity is often measured on water soluble cellulose 
derivatives, such as hydroxyethyl cellulose (HEC) or carboxymethyl cellulose 
(CMC), referred to as HECase and CMCase, respectively. 
 
CMCase 

The CMCase activity was measured toward 1% carboxymethyl cellulose (CMC, 
Sigma-Aldrich, St. Louis, MO, USA) as substrate prepared in 0.05 M sodium-
acetate buffer (pH 4.8). One ml diluted enzyme was mixed with 0.5 ml substrate 
and incubated at 50˚C for 30 minutes. The reaction was terminated and the 
released reducing sugars were detected by 2,4-dinitrosalicylic acid reagent. 
 
HECase 

Endoglucanase activity was assayed against hydroxyethyl cellulose (Fluka, Buchs, 
Switzerland) as recommended by IUPAC (Ghose, 1987) according to the protocol 
of Bailey and Nevalainen (1981).  
 
Xylanase 
Xylanase activity was measured on 1% xylan (birch glucuronoxylan, Roth, 
Karlsruhe, Germany) substrate according to Bailey et al. (1992).  
 
Xyloglucanase 
Xyloglucanase activity was assayed against 1% xyloglucan (Tamarind xyloglucan, 
Amyloid, Megazyme) according to Benkő et al., (2008). 
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Mannanase 
Mannanase activity was measured on 0.5% mannan (locust bean gum, Sigma, St. 
Louis, MO, USA) substrate, according to Ståhlbrand et al. (1993). 
 
Acetyl xylan esterase 
Acetyl xylan esterase activity was measured against an acetylated xylo-oligomer 
(kindly supplied by Jürgen Puls, Hamburg, Germany) and the liberated acetic acid 
was assayed using acetic-acid test kit (Boehringer test, R-Biopharm AG, 
Darmstadt, Germany) according to Poutanen et al. (1990).  
 
Activities toward chromogenic saccharids 
Activity against 4-methylumbelliferyl-β-D-lactoside (MULac, Sigma, St. Louis, 
MO) was measured either with or without 50 mM cellobiose (Glu2) (van Tilbeurgh 
et al., 1982, van Tilbeurgh et al., 1988). The activity obtained in the presence of 
cellobiose (MULac Glu2) is considered to be Cel7B. The activity obtained without 
cellobiose was previously described as Cel7A and Cel7B activities together; and 
the Cel7A activity was previously reported to be the difference of the activities on 
MULac and MULac (Glu2). Activity against 4-methylumbelliferyl-β-D-
cellotrioside (MUGlu3, Sigma, St. Louis, MO) was also measured. Previously 
Cel5A was reported to be the only known cellulase having activity toward MUGlu3 
(Macarron et al., 1993). β-glucosidase was inhibited with 1 M glucose addition in 
all cases when activity was assayed against 4-methylumbelliferyl derivatives.  
 
α-arabinosidase activity was measured using 2 mM 4-nitrophenyl-
α-D-arabinofuranosid substrate in 50 mM pH 4 sodium citrate buffer according to 
Poutanen et al. (1987). β-xylosidase activity was assayed using 5 mM 
4-nitrophenyl-β-D-xylopyranosid substrate in 50 mM pH 4.5 sodium citrate buffer 
according to Poutanen and Puls (1988). α-galactosidase activity was detected using 
1 mM 4-nitrophenyl-α-D-galactopyranosid according to Bailey and Linko (1990). 

3.7 Protein content 

Protein content was assayed according to the Coomassie Blue method according to 
Bradford (1976) using BSA as standard.  

3.8 SDS-PAGE 

Sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE) was 
run on 12% Bis-Tris pre-cast gels using NuPAGE Bis-Tris Electrophoresis system 
(Invitrogen, Carlsbad, CA). The gel was stained using Colloidal Coomassie Stain 
(Neuhoff et al., 1988). For the quantitative analysis of the culture supernatant 
samples, the gel was scanned and the picture was analysed with AlphaEaseFC™ 
software (Alpha Innotech Corporation, San Leonardo, CA). The percentage of the 
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individual protein components contributes to the total density was calculated from 
integrated area of the peaks.  

3.9 Enzymatic hydrolysis 

Enzymatic hydrolysis was performed in different ways according to the laboratory, 
being performed in and the goal of the study.  
 
In Paper I enzymatic hydrolysis was performed at 50°C, pH 4.8 (0.05 M sodium 
acetate buffer) using overhead stirring at 250 rpm average agitation speed in 1 l 
glass bottles for 48 hours. Experiments were carried out in 500 g batches using a 
substrate concentration of 2% DM. Enzyme loadings of 20 FPU/g dry substrate 
Cellulclast 1.5L (FPA measured according to the modified Mandels’ method) and 
20 IU/g dry substrate β-glucosidase (supplementation with Novozym 188) were 
used. 
 
In Paper II, the hydrolysis was performed at 40°C, pH 4.8 (0.05 M sodium acetate 
buffer) using overhead stirring at 300 rpm average agitation speed in 1 l glass 
bottles for 96 hours. Experiments were carried out in 500 g batches using a 
substrate concentration of 2% water-insoluble solids (WIS). Enzyme loading for 
hydrolysis was 15 FPU/g WIS Celluclast 1.5L (FPA measured according to the 
IUPAC method) and 23 IU/g WIS Novozym 188.  
 
In Paper III, hydrolysis was performed in a 5 ml reaction volume in test tubes with 
magnetic stirrers at an agitation speed of 400 rpm at 45°C for 48 hours. The 
substrate concentration was 10 g carbohydrate/l, and the pH was set to 5 using 
sodium citrate buffer. Enzyme was loaded at 10 FPU/g carbohydrates. FPA of the 
samples were measured using the IUPAC method. 
 
In Paper IV, hydrolysis experiments were performed in 1.8 ml screw-capped tubes 
using a volume of 1 ml 50 mM sodium acetate buffer at pH 4.8. Experiments were 
performed at several different temperatures both with and without additions of 
surfactants and PEG polymers. The tubes were inverted 20 times/min in a 
thermostated water bath for 72 hours. Enzyme loadings were at 0.69 FPU/ml 
(Celluclast 1.5 L; FPA measured according to the modified Mandels’ method) and 
β-glucosidase activity (Novozym 188) at 1.40 IU/ml. Substrate concentration was 
25 mg cellulose/ml SPS or Avicel. 
 
In Paper V and VI, hydrolysis was performed at 50˚C, pH 4.8 (in 0.05 M sodium 
acetate buffer) in 100 ml screw-capped bottles at 300 rpm using magnetic stirrers 
for 72 hours. Experiments were carried out in 50 g batches with a substrate 
concentration of 2% DM. Enzyme loading of Celluclast 1.5L was 20 FPU/g dry 
substrate (FPA was measured according to the modified Mandels’ method), and 



 40

β-glucosidase was supplemented with Novozym 188, in Paper V to 20 IU/g dry 
substrate and in Paper VI to 40 IU/g dry substrate.  

3.10 Simultaneous saccharification and fermentation 

SSF experiments were performed on steam pretreated hemp and hemp silage in 
order to evaluate the ethanol potential of hemp and hemp silage.  
 
Yeast cultivation 
Yeast cultivation was performed in 3 steps (propagation, batch and fed-batch 
cultivation) according to Linde et al. (2008). The strain of S. cerevisiae used was 
purified from commercial yeast (Jästbolaget AB, Rotebro, Sweden). Cells were 
added to a 300 ml Erlenmeyer flask with 70 ml of a water solution containing 
23.8 g/l glucose, 10.8 g/l (NH4)2SO4, 5.0 g/l KH2PO4 and 1.1 g/l MgSO4⋅7 H2O. 
The water solution also contained 14.4 ml/l of a trace-metal solution and 1.4 ml/l 
of a vitamin solution, prepared according to Taherzadeh et al. (1996). The pH was 
adjusted to pH 5 with 0.25 M NaOH. The Erlenmeyer flask was closed with a 
cotton plug and incubated at 30°C for 24 hours on an incubator shaker. 
 
Batch cultivation was then performed in a 2 l fermenter (Infors AG, Bottmingen, 
Switzerland) with a working volume of 250 ml, similarly to the procedure 
described by Rudolf et al. (2005) with some modifications. Cultivation was started 
by adding a 60 ml inoculum to 190 ml medium containing 40.0 g/l glucose, 
22.5 g/l (NH4)2SO4, 10.5 g/l KH2PO4, 2.2 g/l MgSO4⋅7 H2O, 60.0 ml/l trace-metal 
solution and 6.0 ml/l vitamin solution (Taherzadeh et al., 1996). The pH was 
continuously adjusted to pH 5 with 10% NaOH solution. The stirrer speed was 
500 rpm and the aeration rate was 0.25 l/min, corresponding to 1 vvm. The 
dissolved oxygen concentration was continuously measured throughout batch 
cultivation with an oxygen sensor and batch cultivation was changed to fed-batch 
cultivation when a rapid increase in oxygen concentration was observed. 
 
Fed-batch cultivation was performed on the liquid fraction of the pretreatment 
slurry by continuous addition of 858 ml of liquid fraction supplemented with 
glucose and salt solutions to a total volume of 1000 ml. The glucose concentration 
in the pretreatment liquid solution was adjusted to 80 g/l. Salts were added to the 
solution to final concentrations of 11.3 g/l (NH4)2SO4, 5.3 g/l KH2PO4 and 
1.1 g/l MgSO4⋅7 H2O. The final concentration of the diluted liquid fraction was 
equivalent to that obtained when the slurry from pretreatment had been diluted to 
7.5% WIS. The diluted and adjusted liquid fraction was added to the fermenter at 
constant flow rate for 14-16 hours. The pH was continuously adjusted to 5 with 
10% NaOH solution. The stirrer speed was 800 rpm and the aeration rate was 
1.875 l/min, corresponding to 1.5 vvm at the end of the fed-batch cultivation. Cells 
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were harvested by centrifugation of the broth at 9000 rpm for 5 min and were 
washed two times with deionised water. 
 
SSF 
SSF experiments were performed in 2 l laboratory fermenters (Infors AG, 
Bottmingen, Switzerland) with 1.4 kg of working mass using 7.5% WIS substrate 
concentration. As nutrients 0.5 g/l (NH4)2HPO4, 0.025 g/l MgSO4 and 1 g/l yeast 
extract were added. The fermenter with the substrate and the nutrients in separate 
bottles were sterilised at 121°C for 20 minutes. Cultivated yeast was added at a 
concentration of 5 g/l. The experiments were performed at 37°C and pH 5, 
maintained using a 10% NaOH solution. The experiments were run for 72 hours 
with 350 rpm stirring. Enzyme loading was 20 FPU/g glucan Celluclast 1.5L and 
23 IU/g glucan Novozym 188. FPA was measured according to the IUPAC 
protocol. SSF experiment samples were analysed by HPLC for sugars, lactic acid, 
acetic acid and ethanol content. 

3.11 Measurement of sugar concentrations 

 
2,4-dinitrosalicylic acid reagent 
Released reducing sugar was analyzed according to Miller using glucose 
calibration according to Miller (1959).  
 
HPLC 
Liquid samples from pretreatment, total sugar determination, raw material analysis, 
enzymatic hydrolysis and fermentation upon their monomer sugar, inhibitor and/or 
ethanol concentrations were determined with a Shimadzu HPLC system 
(Shimadzu, Kyoto, Japan) using an Aminex HPX-87H column (Bio-Rad, Hercules, 
CA) at 65°C. The eluent, 5 mM H2SO4 was used at a flow rate of 0.5 ml/min. 
Sugar content of the sweet sorghum juice (sucrose, fructose and glucose) was 
analyzed with the same HPLC system on Aminex HPX-87P column (Bio-Rad, 
Hercules, CA) at 85°C, using ultra pure water as eluent at a flow rate of 
0.6 ml/min. Concentration of carbohydrates and inhibitors were detected upon their 
refractive index. All samples were filtered through a 0.2 µm pore size filter before 
analysis to remove solid particles. 
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3.12 Calculations and statistical analysis  

 
Severity factor 
Steam pretreatment conditions were characterised by the severity factor introduced 
by Overend and Chornet (1987) with the following equation: 
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where t is time in minutes and T is temperature in °C. The severity factor is the 
logarithm value (base 10) of R0. 
 
Water insoluble solids 
The water insoluble solid (WIS) content was calculated from the ratio of the total 
solid and water soluble solid with the following equation (Weiss et al., 2010): 

[ ]% 100
1

DM WS
WIS

WS

−
= ⋅

−
 

where DM is the dry matter (equivalent to total solid) content of the slurry, WS is 
the solid content of the liquid fraction obtained by filtration. 
 
Cellulose conversion 
The conversion in enzymatic hydrolysis was calculated from the produced glucose, 
based on the cellulose content of the substrate. The conversion was calculated with 
the following equation: 
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Statistical evaluation 
Statistical evaluation of the results obtained was performed using Statistica 8.0 
software (Statsoft Inc., Tulsa, OK, USA).  
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4 RESULTS AND DISCUSSION 
The work presented in this thesis can be divided into three sub-sections; the first 
aimed to introduce new possible energy crops for the cellulosic ethanol process, 
namely sweet sorghum bagasse and hemp, while the subject of the other two parts 
of the work was the enzymatic breakdown of lignocelluloses. First the enzyme 
production and the effect of individual enzyme components’ ratio on the degree 
and rate of hydrolysis was investigated, later the effect of additives like 
poly(ethylene glycol) was examined.  

4.1 Introduction of novel energy crops for cellulosic 
ethanol process 

As fossil fuel reserves deplete, there is an increasing need for energy crops with 
high biomass yield and low agricultural input. Various kinds of energy crops may 
be useful at different climate conditions; therefore all possible candidates should 
be taken into consideration. Prior to enzymatic hydrolysis lignocelluloses have to 
be pretreated. Steam pretreatment has been chosen and optimised in respect to its 
effect on enzymatic hydrolysis and also on glucan and xylan recovery. Formation 
of inhibitor compounds was also determined.  
 
Figure 11 shows the schematic representation of the steam pretreatment unit at 
Department of Chemical Engineering, Lund University. The equipment consists of 
a 10 l reactor and a flash cyclone, which collects the pretreated material. In the 
reactor, there is a ball valve at the top for the feedstock input. There is another 
valve in the bottom, which is regulated by the computer. After the set residence 
time has been achieved, the material is released through this valve to the flash 
cyclone. There are two stream inlets into the reactor: (1) for rapid heat up of the 
material (located near to the bottom), and (2) controlling the temperature and the 
pressure (located higher up). The first inlet is opened only for a short time at the 
beginning. 
 
Steam pretreatment results a slurry-like material with an approximate DM content 
of 10-25% depending on the pretreatment parameters. The WIS fraction consists of 
cellulose, lignin and the remaining hemicellulose, while the liquid fraction contains 
the hemicellulose hydrolysate (monomer and oligomer sugars, acetic acid), sugar 
degradation products (such as furanics, levulinic acid or formic acid), and phenolic 
compounds (released from lignin). The separation of the solid and liquid fractions 
might be advantageous, as in this case the hemicellulose sugars (mainly pentoses) 
can be processed separately. The separation of slurry can be obtained by filter 
press. 
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Figure 11 Schematic representation of a steam pretreatment unit. 

 

4.1.1 Sweet sorghum bagasse (Sorghum bicolor) (Paper I) 

 
Steam pretreatment  
Sweet sorghum bagasse was pretreated by steam explosion at various parameters 
using SO2 impregnation prior to pretreatment. Table 4 shows the composition of 
the raw material before and after pretreatment. Steam explosion was characterised 
with the severity factor. According to these values, two milder and two harsher 
pretreatment settings can be grouped.  
 
During pretreatment glucan and lignin content of the substrate has increased 
significantly, while hemicellulose (xylan and arabinan) content has decreased due 
to the pretreatment. The glucan recovery data in Table 4 suggest that no significant 
cellulose degradation has occurred during steam pretreatment, but the data of xylan 
recovery shows that significant amount of hemicellulose sugars has been 
solubilised or degraded. 
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Table 4 Analysis data from different pretreated materials: composition of raw 
bagasse and washed fibre fraction of the pretreated bagasse. Data in 
parenthesis show the glucan and xylan recoveries in the solid fraction. 
Relative standard deviation was below 5% in all cases. 

 
Although xylan removal - that can improve the degradability of cellulose - can be 
increased using harsher pretreatment conditions, degradation of glucan is also 
more pronounced using higher temperature and/or longer residence time and that is 
not advantageous for the process yields. A compromise between the highest xylan 
and the lowest glucan hydrolysis during pretreatment has to be found especially 
when the pentose fraction is going to be separated and further utilised. 
 
Dogaris et al. (2009) have used hydrothermal pretreatment to increase cellulose 
accessibility in sweet sorghum bagasse. They have applied harsh pretreatment 
conditions ranging from 3.1 to 4.5 logR0. They have observed similar glucan 
recovery (94.1%) but lower degree of hemicellulose solubilisation (76.6% 
recovery) at a severity factor of 3.66 than was observed in our experiments at 
similar severity (3.64 and 3.65). 
 
Sugar and inhibitor concentrations in the liquid fractions of the pretreatment 
slurries are shown in Table 5. All sugar concentrations increased with the severity, 
the highest values were measured in the supernatant at the pretreatment parameters 
of 200°C and 5 min. The monomer glucose contents varied between 3.6 and 
7.8 g/l, while the total glucose concentrations obtained after dilute acid hydrolysis 
varied between 13.0 and 18.0 g/l. Xylose and water soluble xylose oligomers were 
released at higher extent due to the harsher pretreatment condirions, the xylose 
monomer concentration was between 6.4 and 23.0 g/l and the total xylose content 
varied between 20.6 and 44.1 g/l. As the liquid fraction contains significant 
amount of carbohydrates (total glucose and xylose content together take up to 
62 g/l at 200°C and 5 min pretreatment), this fraction could be utilised separately. 
The amounts of sugar degradation products inhibiting microbial growth (HMF and 
furfural) were found to be below the inhibiting concentration (Palmquist and 
Hanh-Hägerdahl, 2000b) at all studied conditions. Formation of formic acid 

Pretreatment 
logR0 Glucan [%] Xylan [%] Arabinan [%] Lignin [%] temperature 

[°C] 
time 
[min] 

     Untreated - 36.25 (100%) 25.64 (100%) 2.04 18.6 

180 10 3.36 50.70(96.0%) 20.62 (63.1%) 2.11 22.9 

190 5 3.35 51.74 (96.1%) 18.17 (53.9%) 2.12 22.5 

190 10 3.65 58.32 (95.9%) 12.75 (25.9%) 2.07 24.6 

200 5 3.64 55.73 (93.7%) 13.15 (28.3%) 1.93 25.2 
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correlated with the residence time instead of the severity factor (logR0). Applying 

short residence time, the concentration of formic acid was higher. 

 

Table 5 Analysis data from different pretreated materials: sugar and inhibitor 
concentration [g/l] of the liquid fraction from the pretreated bagasse. 

Pretreatment 
temperature 

and time 
logR0 Glucose 

Total 
glucose* 

Xylose 
Total 

xylose* 
Acetic 
acid 

HMF Furfural 
Formic 

acid 

180°C 10 min 3.36 3.55 13.00 6.41 20.63 1.656 0.12 0.23 3.30 
190°C 5 min 3.35 5.38 16.62 15.12 33.2 2.762 0.18 0.41 4.16 
190°C 10 min 3.65 6.98 14.78 20.82 36.38 4.954 0.36 1.00 3.56 
200°C 5 min 3.64 7.77 17.96 22.97 44.14 5.394 0.39 0.86 4.51 
*after dilute acid hydrolysis 
 

Formic acid is formed when furfural and HMF are broken down (Ramos, 2003, 

Figure 9). The reason for the decrease in formic acid concentration when longer 

residence times are applied may be that formic acid can react with other 

compounds at these conditions in a low-rate reaction. Formation of acetic acid 

correlated rather with the severity factor, harsher pretreatment conditions resulted 

in higher acetic acid concentrations. Acetic acid is released from the acetylated 

hemicelluloses during pretreatment and can act as a fermentation inhibitor at high 

concentration.  

 

Enzymatic hydrolysis 

As the liquid fraction of the pretreated slurry was found to be rich in carbohydrates 

which could cause product inhibition, enzymatic hydrolysis was performed both on 

the whole pretreated material and the separated washed fibre fraction. The 

advantage of separation of the solid and the liquid fraction after pretreatment is 

that the xylose rich liquid fraction can be used for ethanol fermentation, cellulase 

enzyme production (Szengyel et al., 1997) or can be transformed to other valuable 

products.  

 

Figure 12 shows the hydrolysis curves of pretreated sweet sorghum bagasse using 

the whole slurry. The achieved final glucose concentration values were around 

7 g/l in case of the milder pretreatments, and between 11-12 g/l in the harsher-

pretreated bagasse samples. The xylan content of the raw material was rather high, 

therefore xylose concentration in the hydrolysates was also considerable, around 

4 g/l from the bagasse samples pretreated at milder, and between 6-6.5 g/l from the 

samples pretreated at harsher conditions, which means that xylose amounts to one 

third of the total sugar content in the hydrolysates.  
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Figure 12 Glucose (closed symbols) and xylose (open symbols) concentrations in 
hydrolysis of pretreated bagasse samples, using 2% DM of whole slurry. 
Pretreatment conditions: 180°C 10 min ■, 190°C 5 min ♦, 190°c 10 min ▲, 
200°C 5 min ●. Results are presented as mean values of two parallels; 
the relative standard deviation was below 5%. 

 

Figure 13 shows the 48-hour conversions of the whole slurry and the washed fibre 

hydrolysis experiments. After 48-hour hydrolysis of untreated sweet sorghum 

bagasse, 16% conversion was observed (data not reported). In case of the 

pretreated bagasse samples, 45-55% conversion for the milder parameters and 

83-92% conversion for the harsher pretreatments have been achieved. The xylan 

conversion to xylose was found to be 45-50% for the milder and 90-99% for the 

harsher pretreatment conditions. Mamma et al. (1995) has investigated ethanol 

production from both the sweet juice and bagasse fraction. They have obtained 

5.1 g ethanol from the bagasse fraction of 100 g fresh stalk. However, the cellulose 

and the hemicellulose utilisation were rather low, about 30% and 20%, 

respectively. Dogaris et al. (2009) have reported a two-fold increase in sugar 

release in enzymatic hydrolysis due to hydrothermal processing of sweet sorghum 

bagasse, which is considerably lower, compared to our results. The poor increase 

in lignocellulose breakdown reported is probably due to the use of ineffective 

cellulase systems from Neurospora crassa and Fusarium oxosporum. Li et al. 

(2010) has investigated AFEX pretreatment of sweet sorghum bagasse and found 

that the treatment has increased the enzymatic breakdown of the substrate 

significantly (90% conversion for both glucan and xylan). They have also tested 

SHF of the substrate using xylose-utilising S. cerevisiae, and found that the xylose 

consumption was about 55-60%. As AFEX is a dry-to-dry pretreatment technique, 
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no separation of cellulose and hemicellulose sugars is possible, thus 

co-fermentation of C5 sugars to ethanol is necessary. 

 

In case of harsh pretreatments conversions of the washed fibres were about 7% 

higher compared to the results obtained from whole slurry hydrolysis, in contrast 

to the results using mild conditions, where a reverse trend was observed. It should 

be noted that the difference in conversion between the whole slurry and the washed 

fibre scenarios at the milder pretreatments was not found to be significant 

(p=0.48). The effect of the separation and washing on the enzymatic hydrolysis is 

probably due to the removal of the solubilised sugars, which cause end-product 

inhibition during enzymatic hydrolysis. The converse effect of substrate washing 

between milder and harsher pretreatments can be explained by the relatively lower 

solubilised sugar concentrations at milder pretreatments. The results show that 

harsher pretreatment conditions (190°C and 10 min; 200°C and 5 min) were 

needed to increase degradability of sweet sorghum bagasse significantly.  

 

 

Figure 13 Effect of liquid fraction separation on the hydrolysis of steam pretreated 
sweet sorghum bagasse, using 2% DM substrate concentration in 48 
hours hydrolysis. Mean vaues of triplicate experiments and standard 
deviations are presented.   
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4.1.2 Hemp and hemp silage (Cannabis sativa) (Paper II) 

Steam pretreatment of hemp and hemp silage were performed in order to examine 
dry hemp and hemp silage for ethanol production using steam pretreatment and 
simultaneous saccharification and fermentation.  
 
Steam pretreatment 
Hemp and hemp silage was pretreated at various parameters. Preliminary results 
have shown that for dry hemp addition of SO2 as catalyst and temperature above 
200°C is necessary for efficient pretreatment. Due to the scarce available 
knowledge on steam pretreatment of ensiled materials, several pretreatment 
conditions were tested for hemp silage. Table 6 shows the composition of dry 
hemp, solid fraction of hemp silage and solid fractions of steam pretreated hemp 
(SPH) and steam pretreated hemp silage (SPHS) samples. 

Table 6 Analysis data from different pretreated materials: composition of dry 
hemp, solid fraction of hemp silage and washed fibre fraction of the 
pretreated materials. Relative standard deviaton was below 5% in al 
cases. Data in parenthesis show the glucan and xylan recoveries in the 
solid fraction.  

 
Temperature 

[°C] 
SO2 logR0 Glucan [%] Xylan [%] ASL 

[%] 
AIL [%] 

       Dry hemp - - 43.6 (100%) 10.5 (100%) 6.6 14.9 
     Hemp silage - - 45.2 (100%) 10.1(100%) 4.7 18.7 

S
P

H
 205°C + 3.79 66.8 (95.2%) 3.8 (20.5%) 3.8 19.3 

210°C + 3.94 66.8 (93.4%) 3.0 (15.6%) 3.7 21.2 
215°C + 4.08 64.7 (90.5%) 2.7 (14.2%) 3.7 25.9 

S
P

H
S

 

190°C - 3.35 57.9 (85.5%) 8.4 (18.2%) 3.6 19.4 
200°C - 3.64 62.4 (94.2%) 7.5 (17.3%) 3.2 19.1 
210°C - 3.94 67.1 (96.7%) 1.3 (15.0%) 2.9 23.4 
220°C - 4.23 60.7 (90.1%) 0.6 (12.3%) 3.3 26.0 
200°C + 3.64 68.7 (96.3%) 1.3 (14.2%) 2.8 21.0 
210°C + 3.94 66.0 (85.8%) 0.4 (10.6%) 2.9 24.7 

 
The results show that the glucan and lignin content has increased, while the xylose 
content has decreased due to the pretreatment. The residual xylan content has 
decreased with the severity of the pretreatment, especially in the case of hemp 
silage. The concentrations of sugars and weak acids in the liquid fraction are 
shown in Table 7. The amounts of solubilised sugars are considerably lower, than 
could be observed in case of sweet sorghum bagasse (Table 5), which is most 
probably due to the lower hemicellulose content of hemp and hemp silage 
compared to sweet sorghum bagasse. The concentration of sugar degradation 
products (HMF and furfural) were below the critical limit (Paper II, Table 4) 
reported by Palmquist and Hahn-Hägerdahl (2000b). Significant amount of lactic 
acid and acetic acid were measured in the liquid fractions of SPHS samples. These 
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acids originate from the ensiling process, as 17.6 g/l lactic acid, 7.6 g/l acetic acid 
was measured before steam pretreatment in the liquid fraction of silage. The 
dominance of lactate and acetate as fermentation products and the low pH (4.5) 
indicate that the silage was well preserved, however these compounds may 
interfere with the later ethanol fermentation step. The presence of acetic acid is 
rather important, as its pKa value is rather close to the pH of the SSF. The 
inhibitory effect of the organic acids is connected with the protonated form; 
because it can diffuse across the plasma membrane (Larsson et al., 1999). 
 

Table 7 Concentrations (g/l) of sugars and weak acids in the liquid fraction of 
pretreated slurries. 

Temp. 
[°C] 

SO2 logR0 Glucose 
Total 

glucose* 
Xylose 

Total 
xylose* 

Lactic 
acid 

Acetic 
acid 

S
P

H
 205°C + 3.79 0.03 1.21 0.53 6.95 0.21 1.27 

210°C + 3.94 0.13 1.49 1.32 7.06 0.31 1.93 
215°C + 4.08 0.31 1.64 2.10 5.95 0.57 3.15 

S
P

H
S

 

190°C - 3.35 0.02 0.56 0.02 1.99 17.6 7.6 
200°C - 3.64 0.01 0.86 0.06 4.93 4.86 2.20 
210°C - 3.94 0.01 0.95 0.16 6.13 5.90 3.21 
220°C - 4.23 0.02 0.94 0.26 8.77 6.10 4.02 
200°C + 3.64 0.02 0.86 0.39 5.74 5.47 5.00 
210°C + 3.94 0.06 1.07 1.05 4.39 6.85 3.88 

*after dilute acid hydrolysis 
 
Enzymatic hydrolysis of pretreated hemp and hemp silage 
Enzymatic hydrolysis of all SPH and SPHS samples was performed in order to 
evaluate the effect of pretreatment on enzymatic digestibility of the substrate. In 
case of SPH, substrates pretreated at 210°C and 215°C has resulted a glucan 
conversion of 83% and 88%, respectively (Figure 14). For SPHS, pretreatment at 
210°C with SO2 impregnation was obviously the most effective, resulting 89% 
glucan conversion at the end of the 96 hour hydrolysis. When choosing the best 
pretreatment conditions, beside cellulose conversion, several other parameters, like 
degradation of cellulose during pretreatment, or formation of fermentation 
inhibitors should also be taken into consideration. 
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Figure 14 Glucan conversion in enzymatic hydrolysis of SPH and SPHS substrates. 

Hydrolysis was performed using 2% substrate concentration in 96 hour 
experiments. Conversion results are presented in percentage of the 
theoretical yield. Mean values of duplicate experiments and standard 
deviations are presented. 

 
Mass balance of the pretreatment and the enzymatic hydrolysis 
Sugar recoveries during pretreatment of dry hemp and hemp silage are shown in 
Figure 15. In the calculations, the amount of ensiled hemp was taken as 100%, i.e., 
possible loss during ensiling was not taken into consideration. SPH hexoses 
(mainly glucan) remained in the solid fraction (90-95%), and only 1.5-4.0% were 
solubilised, and further degradation of hexoses was not significant either. In the 
case of pentoses (mainly xylan) only 15-20% of the initial amount remained in the 
solid fraction, suggesting that the hemicellulose solubilisation was efficient. The 
lowest amount of further degraded or not determined compounds and the highest 
solubilisation of pentoses was obtained with pretreatment at 210°C for 5 minutes. 
For SPHS, similar trends were observed concerning the recovery after 
pretreatment. The effect of pretreatment on the hemicellulose solubilisation was 
even more pronounced, than in case of SPH, which is also highlighted in Table 6 
with the low amount of xylan remained in the solid fraction. 
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Figure 15 Hexose and pentose recoveries after steam pretreatment of dry hemp (A) 

and hemp silage (B) as percentage of the theoretical. Values are based 
on carbohydrates in the raw material. 
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The efficiency of the pretreatments was evaluated by enzymatic hydrolysis of the 
pretreated materials. Figure 16 shows the amount of glucose released during 
hydrolysis (grey), which was the main parameter when choosing the best 
pretreatment condition. Large variation was observed with the amount of water 
soluble sugars (right stripes) and volatile/further degraded compounds (white). The 
ratios of these fractions were also considered when the best pretreatment 
parameters were chosen. Based on these data both for dry hemp and hemp silage, 
pretreatment at 210°C for 5 minutes combined with SO2 impregnation was selected 
as the most effective pretreatment resulting 373 and 372 g/kg glucose per dry 
feedstock for SPH and SPHS, respectively.  
 

 
 

Figure 16 Lignin and carbohydrate fractions after steam pretreatment and enzymatic 
hydrolysis of dry hemp (SPH) and hemp silage (SPHS), as percentage of 
the dry weight of raw material. 

 
Simultaneous saccharification and fermentation of SPH and SPHS pretreated 
under optimal conditions 
SSF of SPH and SPHS were performed using both the whole slurry and the 
separated solid fraction of the materials pretreated using the selected optimal 
pretreatment conditions: 2% SO2 impregnation followed by 210°C 5 min 
treatment. Figure 17 shows the glucose, xylose and ethanol concentrations during 
the 72 hours of the SSF. With SPH, the separated fibre resulted in a slightly higher 
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ethanol concentration compared to the whole slurry (Figure 17A). Final ethanol 
concentrations in the case of whole slurry and the separated fibre were determined 
to 18.4 g/l and 21.3 g/l, respectively. This corresponds to a total process yield of 
148 and 171 g/kg ethanol based on raw dry hemp DM, respectively. The overall 
ethanol yields were 62.4% and 74.1% of the theoretical maximum based on the 
glucan content in the raw material.  
 
With SPHS, the difference between the performance of the whole slurry and the 
separated fibre was more pronounced (Figure 17B). The final ethanol 
concentrations were 15.4 and 20.3 g/l, respectively. The total ethanol yields were 
125 and 163 g/kg based on hemp silage DM, respectively, corresponding to 53.4% 
and 71.2% of the theoretical. The significant difference might be caused by the 
inhibitory effect of the organic acids present in the whole slurry as suggested by 
Larsson et al. (1999) and Palmquist and Hahn-Hägerdahl (2000b). At the 
beginning of the fermentation of the whole slurry, 6.0 g/l lactic acid and 6.8 g/l 
acetic acid were present and the concentrations of these compounds were constant 
during the process.  
 
The results obtained both with SPH and SPHS show that separation of solid and 
liquid fraction prior to SSF is advantageous. In the case of SPHS, the effect was 
more pronounced compared to SPH due to the higher concentration of weak 
organic acids. Separation is also beneficial as a new fraction arises containing 
mainly C5 sugars (mono- and oligomers) some C6 sugars and other organic 
compounds like acetic acid, furfural and HMF, which can be utilised separately, 
e.g., for biogas production. The results obtained show, that pretreatment of hemp 
requires harsh conditions compared with other perennial crops. The severity of the 
pretreatment condition found to be optimal is closer to woody feedstocks’, like 
spruce than to herbaceous feedstocks’, like corn stover or wheat straw. The 
hypothesis, that ensiling of hemp is decreasing the required severity of the 
pretreatment by the acidic environment during the storage, was not demonstrated. 
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Figure 17 Concentrations of glucose, xylose and ethanol in SSF of SPH (A) and 
SPHS (B). Substrates were pretreated at 210°C for 5 min using 2% SO2 
impregnation (open symbols and dashed lines – whole slurry, closed 
symbols and continuous lines– separated fibre). 
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4.2 Role of enzyme components in the cellulase mixture 
(Paper III) 

Cellulolytic enzymes were produced by T. reesei Rut C30 strain using different 
carbon sources such as Solka Floc 200 (SF), steam pretreated corn stover (SPCS) 
and lactose in the fermentation medium. The effect of carbon source on the 
secreted enzyme profile of the fungus was investigated. The produced enzymes 
were applied in enzymatic hydrolysis and compared to commercial enzyme 
(Celluclast 1.5L) to correlate their enzyme characteristics with their hydrolysis 
efficiency. 

4.2.1 Characterisation of enzymes produced by T. reesei 
Rut C30  

Cellulase and hemicellulase activities of the culture filtrates have been measured 
after 8 days of shake flask fermentation. The major volumetric activities are shown 
on Figure 18.  
 

 
Figure 18 Major volumetric activities in T. reesei Rut C30 culture broth supernatants 

after 8 days of fermentation. 
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Enzymes produced on SF, lactose and SPCS are hereafter referred to as SF 

enzyme, lactose enzyme and SPCS enzyme, respectively. Volumetric activities 

show, that SF and SPCS were much more efficient carbon sources, than lactose. 

Enzyme activities that are based on the protein content of the supernatant are 

referred to as specific activities and are shown in Table 8 and Table 9. The levels 

of secreted proteins were 2.5-2.8-fold higher on SPCS and SF than on lactose. 

However, the BG:FPA ratio was the highest (2.3) in the case of the lactose carbon 

source, which is favourable in enzymatic hydrolysis. T. reesei has previously been 

reported to have poor enzyme production in lactose-based minimal medium 

(Margolles-Clark et al., 1997), however the secretion of enzymes can be improved 

when supplemented with cellulosic substrates as additional inducers (Benkő et al., 

2007). 

Table 8 Protein content and specific cellulase activities in Celluclast 1.5L and 
enzymes produced on various carbon sources (SF: Solka Floc, SPCS: 
steam pretreated corn stover). Mean values of triplicates are presented. 

 Protein FPA
1
 HEC MULac (Glu2) MULac MUGlu3 BG 

 mg/ml FPU/mg IU/mg IU/mg IU/mg IU/mg IU/mg 

Celluclast 39.17 1.07 21.63 0.86 3.04 1.23 0.69 

SF 0.92 1.33 21.45 0.73 2.74 1.71 1.78 

Lactose 0.33 1.40 22.72 0.64 3.83 1.68 3.17 

SPCS 0.84 1.56 19.17 0.68 2.39 1.67 1.30 
1
FPA was measured according to the IUPAC protocol 

No drastical difference was observed among the specific cellulase activities, except 

for β-glucosidase. The activity was highest in the lactose enzyme, being 1.8- and 

2.4-fold higher than in SF and SPCS enzymes, respectively, and 3.5-fold higher 

than the specific β-glucosidase activity of Celluclast. The β-glucosidase level has 

previously been described as a major factor in hydrolysis performed by cellulases 

(Sun and Cheng, 2002). This is also reflected in the lower specific FPA of 

Celluclast. 

Table 9 Specific hemicellulase activities (IU/mg) in Celluclast and enzymes 
produced on various carbon sources (SF: Solka Floc, SPCS: steam 
pretreated corn stover). Mean values of triplicates are presented. 

 XYL XGase MAN AXE AG BX AA 

Celluclast 20.57 4.89 3.98 1.93 0.01 1.27 0.41 

SF 269.42 2.07 11.61 2.88 0.09 2.09 0.53 

Lactose 37.85 2.08 3.21 0.63 1.93 0.53 1.99 

SPCS 255.63 1.46 8.89 1.66 0.99 0.48 1.43 

 

Significant differences were observed in the hemicellulase activities (Table 9). The 

specific xylanase (XYL) activities of the enzymes produced on xylan-containing 

carbon sources were significantly higher than those produced on lactose or 
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detected in Celluclast. Xylanase secretion was found to be dependent on the xylan 

content of the carbon source, which is in good agreement with previous results 

(Juhász et al., 2005b). A low xylanase activity was also observed in the lactose-

induced enzyme. Thus, the results suggest that there is constitutive xylanase 

production, or that the xylanase activity is due to unspecific endoglucanases such 

as Cel7B, which are induced on lactose. Celluclast had the highest specific 

xyloglucanase (XGase) activity, more than two-fold higher than in the enzymes 

produced in this work. Several enzymes have previously been reported to possess 

activity towards xyloglucan, including Cel7B, Cel12A and Cel74A 

(xyloglucanase) (Benkő et al., 2008). There were significant differences in 

β-xylosidase (BX) activities, as well. The highest BX activity was observed in the 

case of SF, followed by Celluclast. The other two enzymes (lactose and SPCS) had 

similar BX activities, at a quarter of the activity of the SF enzyme. On the other 

hand, β-xylosidase secretion did not correlate with the xylan content of the carbon 

source.  

 

The SF and SPCS enzymes had significantly higher (3- to 4-fold) mannanase 

(MAN) activities than Celluclast and the lactose enzymes. Secretion of mannanase 

had a similar induction pattern as xylanase activity. This correlation was found to 

be significant (correlation coefficient was calculated to be 0.963). In the case of 

carbon sources containing hemicellulose (SF and SPCS), 2- to 3-fold higher 

mannanase activities were observed compared to the lactose induced enzyme or to 

Celluclast. However, the mannanase activity cannot be correlated to mannan 

content, as neither SPCS nor SF contains significant amount of mannan. 

 

The SF enzyme had the highest specific acetyl-xylan esterase (AXE) activity, 

followed by Celluclast and the SPCS enzyme. As could be expected, the acetyl 

xylan esterase seemed to follow the same induction pattern as xylanases. The 

lactose enzyme had the highest specific α-galactosidase (AG) activity, nearly 

2-fold higher than the SPCS enzyme. In the case of Celluclast and SF enzymes, 

only a very low AG activity was detected. In the case of α-arabinosidase (AA) 

activity, lactose and SPCS enzymes had the highest activity, which was 3- to 

4-fold higher than that of the other two enzymes (SF enzyme and Celluclast). The 

secretion of α-arabinosidase showed a similar pattern to α-galactosidase activity. 

This correlation was found to be significant, correlation coefficient was found to 

be 0.991. However, none of the carbon sources used contained a significant 

amount of arabinose. These results suggest that α-arabinosidase is co-secreted with 

α-galactosidase. 
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4.2.2 Enzymatic hydrolysis using various T. reesei Rut C30 
enzymes 

Four substrates (SF, SPCS, Avicel and SPS), two of them used as carbon source in 

enzyme production as well, were hydrolysed by the three produced enzymes and 

by Celluclast. The enzyme dosage was based on filter paper activity (10 FPU/g of 

carbohydrates, FPA was measured according to the IUPAC protocol). 

 

In the hydrolysis of Solka Floc, the SF and SPCS enzymes clearly performed the 

best, based on reducing sugar released (Figure 19A), however in terms of glucan 

conversion after 48 hours (Table 10), the SF and lactose enzymes were found to be 

superior to Celluclast and SPCS enzyme, due to the observed cellobiose 

accumulation (Paper III, Fig. 5), especially with enzymes poor in BG activity. For 

xylan hydrolysis, the SPCS enzyme resulted in the highest conversion. Xylobiose 

and xylotriose accumulation was observed (Paper III, Fig. 6) with lactose and 

SPCS enzymes, which were deficient in BX. 

 

The SF enzyme released the highest amount of reducing sugars from the SPCS 

substrate after 8 hours. This was due to the rapid xylan hydrolysis (62% 

conversion). However, at the end of the hydrolysis (after 48 hours), the difference 

using different enzymes was within the experimental error (Figure 19B). The 

lactose enzyme resulted in the highest glucan conversion (80%), while the highest 

xylan conversion (72%) was achieved using the SF enzyme (Table 10). 

Interestingly, the lactose enzyme could efficiently hydrolyse xylan to xylose from 

the SPCS substrate but not from Solka Floc. It has previously been observed that 

substitution of the xylo-oligomer influences the action of the BX on the substrate 

(Hermann et al., 1997; Tenkanen et al., 1996). In the case of the lactose enzyme, 

the low level of BX may be an explanation for the poor xylan hydrolysis of SF 

enzyme.  

 

There were only minor differences observed in the release of reducing sugars, 

when Avicel was hydrolysed with the four enzymes (Figure 19C). Avicel is 

microcrystalline cellulose; thus, cellobiohydrolases play the main role in the 

hydrolysis of this substrate. There was no major difference in the cellobiohydrolase 

activity of the enzyme dosages used (Table 9). The results also indicate that FPA 

activity, which was the basis of dosing, corresponds well to hydrolysis 

performance on Avicel. The effect of BG was less pronounced, probably due to the 

high crystallinity of the substrate.  
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Table 10 Glucan and xylan conversions to glucose and xylose after 48 hours 
hydrolysis. Hydrolysis was performed using 10 mg carbohydrate/ml and 
10 FPU/g carbohydrates at 45°C and pH 5. 

    Enzyme 

  Substrate Celluclast SF Lactose SPCS 

G
lu

c
a
n
 Solka Floc 62.8% 73.2% 73.3% 61.7% 

SPCS 55.9% 75.1% 80.6% 65.9% 

Avicel 44.3% 50.4% 51.8% 45.4% 

SPS 32.7% 48.2% 59.8% 31.6% 

X
y
la

n
 

Solka Floc 62.2% 74.6% 30.2% 88.2% 

SPCS 59.8% 71.8% 63.2% 68.9% 

 
Steam pretreated spruce was the only lignocellulosic substrate used that does not 
contain any xylan or mannan, and is therefore a suitable substrate to investigate the 
efficiency of cellulases alone. Even though cellulose is the main carbohydrate 
fraction in both SPS and Avicel, the enzymes performed in different ways. This 
may be due to the different crystallinity of the substrates and the presence of lignin 
in SPS. On SPS, the lactose enzyme performed most efficiently for all output 
measurements, (in releasing reducing sugars and in glucan conversion as well). It 
seems that the most important factor in the hydrolysis of SPS is the β-glucosidase 
activity present in the enzyme mixture. During the early stages of hydrolysis of 
SPS, there were minor differences between the enzymes that were reflected in 
cellobiose accumulation, which clearly depended on the β-glucosidase activity of 
the enzymes.  

4.2.3 Role of xylanase and β-glucosidase activities in the 
hydrolysis 

In the hydrolysis experiments, enzymes produced in our laboratory performed 
better than commercial Celluclast, especially in case of Solka Floc and SPS 
substrates. An evident reason for this is the higher β-glucosidase activity, but the 
results suggest, that XYL activity is also important especially in substrates that 
contain xylan. Further hydrolysis experiments were performed to better understand 
the importance of xylanase and β-glucosidase activities, therefore, xylanase and 
β-glucosidase activities were set to the level of the highest enzyme activity by 
addition of purified enzyme components (Cel3A and Xyn11A), i.e. to SF and 
lactose enzymes, respectively. Addition of β-glucosidase has notably increased the 
original filter paper activities (10 FPU/g carbohydrates in the first case) by 45-50% 
in the case of Celluclast, and 5-15% in the case of SPCS enzyme, which is in good 
agreement with previous results (Szengyel et al., 2000). XYL supplementation had 
no significant effect on the FPA.  
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Conversion of glucan and xylan by Celluclast, SPCS and SF enzymes 
supplemented with the purified enzymes is shown in Table 11. When Cel3A 
supplementation was applied, both glucan and xylan conversion increased 
significantly compared to the values achieved with the original enzymes. When 
purified Xyn11A was added only in the xylan conversion was observed significant 
increase in all cases. Expectedly, there was a less significant effect on the amount 
of released glucose. Notably, when both accessory enzymes were applied in the 
hydrolysis, the conversion of glucan increased further, whereas xylan conversion 
has not improved.  
 

Table 11 Glucan and xylan conversions to glucose and xylose after 48 hours 
hydrolysis. Cel3A (B) and Xyn11A (X) supplementation was applied in the 
indicated cases. Hydrolysis was performed using 10 mg carbohydrate/ml 
and 10 FPU/g carbohydrates at 45°C, pH 5. 

 
S Enzyme Enzyme 

supplement 
Glucan 

conversion [%] 
Xylan 

conversion [%] 

S
P

C
S

 

Celluclast - 55.9% 59.8% 
B 80.5% 78.0% 
X 61.7% 80.5% 

B+X 92.2% 80.0% 
SF enzyme - 75.1% 71.8% 

B 91.7% 83.4% 
SPCS enzyme - 65.9% 68.9% 

B 80.2% 75.7% 
X 64.8% 71.4% 

B+X 94.5% 81.5% 

S
P

S
 

Celluclast - 32.7%
1
 - 

B 89.3% - 
X 37.3%

2
 - 

B+X 84.8% - 
SF enzyme - 31.6%

1
 - 

B 83.4% - 
SPCS enzyme - 48.2%

1
 - 

B 74.4% - 
X 39.4%

3
 - 

B+X 74.8% - 
1Cellobiose accumulation has not been measured 
2Additional 27% conversion when cellobiose accumulation is calculated 
3Additional 19% conversion when cellobiose accumulation is calculated 
 
The effect of Cel3A on xylan conversion can be explained by the inhibitory effect 
of cellobiose on xylanase activity. Leggio and Pickersgil (1999) have shown that 
activity of an endoxylanase (XylA from Pseudomonas fluorescens) is inhibited by 
short xylooligomers, xylobiose and cellobiose. However, action of the applied 
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Aspergillus niger β-glucosidase (Cel3A) on xylo-oligomers cannot be excluded. 
The effect of Novozym 188 on birchwood xylan has been tested, and was not 
found to be significant (data not reported). Our results also suggest the existence of 
synergy between xylan and cellulose hydrolysis. This effect is possibly due to the 
structure of substrates and the close contact of xylan and cellulose in the fibre 
matrix, which would allow the improved hydrolysis of either one to help the 
hydrolysis of the other. The results obtained on SPS substrate are well explained 
by the inhibiting effect of cellobiose on cellulases, resulting in decreased glucan 
conversion, whereas no significant effect of xylanase addition was observed. 
 
The performance of the traditional commercial preparation could be improved by 
boosting it with additional xylanase when hydrolysing pretreated substrates 
containing residual xylan, or by addition of β-glucosidase. The β-glucosidase 
deficiency of T. reesei broths is a well-known fact (Juhász et al., 2005b; Szengyel 
et al., 2000). The effect of Cel3A and Xyn11A seemed to almost completely 
explain the difference between the commercial preparation and the induced 
enzymes. However, differences in the profile of the minor side-activities, like 
acetyl xylan esterase, which had significant differences in different enzyme broths, 
may still play a role in improved hydrolysis.  
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4.3 Effect of PEG on hydrolysis and enzyme adsorption 
(Paper IV-VI) 

In the following sections the experiments and their results about the effect of PEG 
addition in the hydrolysis of steam pretreated spruce (Paper IV-V) and various 
lignocelluloses (Paper VI), wheat straw, sweet sorghum bagasse, and 
microcrystalline cellulose (Paper IV) are summarised.  

4.3.1 Effect of PEG on enzymatic hydrolysis of lignocelluloses 

Hydrolysis of SPS has been performed at 40 and 50°C, with addition of PEG 4000 
in the indicated cases (Figure 20). Increasing the temperature from 40°C to 50°C 
has resulted in a decrease of cellulose conversion (from 65% to 55%). Addition of 
PEG 4000 has decreased this effect, SPS hydrolysis both at 40°C and 50°C 
resulted in similar (77%) cellulose conversions (within the experimental error), 
which means, that PEG addition has increased the cellulose conversion by 12% 
and 22% at 40°C and 50°C, respectively. Increasing the temperature further than 
50°C has resulted in a decrease in the cellulose conversion probably due to the 
denaturation of cellulases.  
 
Hydrolysis at 50°C with PEG addition was found to be the best condition among 
the tested ones, especially regarding the initial rate of the hydrolysis (in the first 24 
hours), where it was obviously better than in the 40°C experiment. When SPS 
hydrolysis was performed at 2% DM substrate concentration (Paper V, Figure 1) 
the conversion in the presence of PEG was even higher, 94% conversion was 
reached in 72 hours of hydrolysis. The more pronounced effect of PEG addition 
with the increased temperature is due to the hydrophobicity of PEG increases with 
the temperature (Saeki et al., 1976). This suggests that the positive effect of PEG 
addition is based on a hydrophobic interaction.  
 
When comparing the cellulose conversions obtained with SPS and Avicel (Paper 
IV, Fig. 4), it must be noted that PEG has more pronounced effect on 
lignocellulosic substrates than on cellulosic one, which is most probably due to the 
presence of lignin. Eriksson et al. (2002) have observed, that hydrolysis of 
delignified SPS has resulted in a higher degree of conversion, than that of SPS 
hydrolysis which also shows the negative effect of lignin on hydrolysis. 
Comparing the adsorption of PEG at 40°C and 50°C, 18% increase in PEG 
adsorption on SPS could be observed (Paper IV, Fig. 2). 
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Figure 20 Hydrolysis of SPS (25 mg/ml cellulose; 5% DM), performed at different 
temperatures, with and without PEG 4000 addition (2.5 mg/ml) in 1 ml 
reaction volume, in 50 mM sodium acetate buffer pH 4.8. Enzyme 
loadings were 13.7 FPU/g Celluclast 1.5L and 27.8 IU/g DM Novozym 
188. Mean values of triplicates standard deviations are presented. 

 
Several authors (Eriksson et al., 2002; Börjesson et al., 2007; Tu et al., 2009; 
Kristensen et al., 2007; Yang and Wyman, 2006; Kumar and Wyman, 2009) have 
reported, that the possible effect of surfactant addition is due to the decrease in 
unproductive binding of cellulases on the substrate, especially on lignin. As lignin 
could play an important role in the effect of PEG addition. Beside SPS several 
steam pretreated substrates, such as sweet sorghum bagasse (SPSSB), corn stover 
(SPCS), wheat straw (SPWS), willow (SPW) and hemp (SPH) have been 
hydrolysed in the presence and absence of PEG 4000 (Figure 21). 
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Figure 21 Hydrolysis of various steam pretreated biomass samples (2% DM 

substrate concentration) with and without PEG 4000 addition (2.5 mg/ml) 
in 50 ml reaction volume, at 50°C in 50 mM sodium acetate buffer pH 4.8 
for 72 hours. Enzyme loadings were 20 IU/g DM Celluclast 1.5L and 40 
IU/g Novozym 188. Mean values of triplicates and standard deviations are 
presented. 

 
Besides the evaluation of the PEG effect on the cellulose conversion of various 
steam pretreated lignocellulosic substrates, the main focus of these experiments 
was the investigation of enzyme adsorption, low substrate concentration and 
relatively high enzyme loading was applied. Significant increase in cellulose 
conversion due to PEG addition was observed in case of SPW (p=0.022) and SPH 
(p=0.032), while there was absolutely no effect of PEG addition in case of SPCS 
(p=0.228), SPWS (p=0.860) and SPSSB (p=0.120). The increase in case of SPS 
(p=0.135) was rather pronounced, but the statistical evaluation showed no 
significance due to the high standard deviation of the base case. 
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4.3.2 Effect of PEG on adsorption of cellulases 

Cellulases have been reported to get inactivated during hydrolysis (Sutcliffe and 
Saddler, 1986; Boussaid and Saddler, 1999). There are several possible 
phenomenons which could result in the decrease of enzyme activity: (1) thermal 
denaturation, (2) unproductive binding, (3) loss of activity due to shear force etc. It 
is rather hard to differentiate between the various inactivating effects. Most 
probably unproductive binding, especially in case of lignocellulosics is the 
dominant effect in reducing enzyme activities. Through the text the term 
adsorption is used for the decrease in enzyme activities; however, it may not only 
be a result of an adsorption effect. It has been previously claimed, that various 
cellulase components have different adsorption affinities (Palonen et al., 2004).  
 
Experiments have been performed to detect various cellulase activities in the 
supernatant during hydrolysis of SPS (Paper V). Figure 22 shows the free protein 
concentration (A) and FPA (B) during the first 24 hour of the hydrolysis. Both 
measured properties have been decreased by about 90% in the first hours of the 
hydrolysis. However, in the presence of PEG, the decrease stopped after the third 
hour and as a result of a slow desorption, both the protein and the FPA values were 
about 45-55% of the original at the end of the 24-hour period. The highest decrease 
in the presence of PEG was observed during the first few hours. This may be due 
to the productive adsorption on cellulose in the early stage of the hydrolysis, and 
these enzymes have been recovered to the solution when cellulose was hydrolysed. 
This observation is in good accordance with the results of Puls et al. (1985), who 
have reported similar trends with CBH adsorption in SSF of steamed birchwood, 
and that of Boussaid and Saddler (1999) and Ouyang et al (2010) who have 
reported this effect in the hydrolysis of Avicel. 
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Figure 22 Free protein concentration (A) and FPA (B) during hydrolysis of SPS 
(2% DM substrate concentration) with (closed symbols) and without (open 
symbols) PEG 4000 addition (2.5 mg/ml) in 50 ml reaction volume, at 
50°C in 50 mM sodium acetate buffer pH 4.8. Enzyme loadings were 20 
IU/g DM Celluclast 1.5L and 20 IU/g Novozym 188. Mean values of 
triplicates and standard deviations are presented. 
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Other enzyme activities, such as β-glucosidase, endoglucanase, Cel7A, Cel7B and 
Cel5A activities have been measured after 72 hours of hydrolysis. Decrease of 
β-glucosidase activity in the supernatant was less pronounced than that of the 
overall cellulase complex (FPA). It must be noted, that β-glucosidases are not 
strictly cellulolytic enzymes because they are not active on the solid substrate and 
they do not have CBM. Generally it can be concluded, that 91-98% of the cellulase 
activities has been lost by the 72nd hours of hydrolysis, and this decrease was 
efficiently reduced by addition of PEG 4000 to 27-85% decrease. These results 
indicate that cellulase activity can be protected by PEG addition during the 
hydrolysis, which could lead to a possible enzyme recycle.  

 
Figure 23 Free protein concentration and enzyme activities after 72-hour hydrolysis 

of SPS (2% DM substrate concentration) with and without PEG 4000 
addition (2.5 mg/ml) in 50 ml reaction volume, at 50°C in 50 mM sodium 
acetate buffer pH 4.8 for 72 hours. Enzyme loadings were 20 IU/g DM 
Celluclast 1.5L and 20 IU/g Novozym 188. Mean values of triplicates and 
standard deviations are presented. 

In contrast to the enzyme activity measurements that may be affected by 
synergism, thermal inactivation or inhibition, measuring the protein content is a 
technique to detect enzyme adsorption exactly. Besides measuring the total protein 
concentrations in the samples (Figure 22 and Figure 23) the amount of CBHs in the 
72-hour samples have been calculated after separation by SDS-PAGE and stained 
with Colloidal Coomassie Blue, which allows the quantification of proteins. Figure 
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24 shows the SDS-PAGE gel of the samples and the mixture of purified Cel7A and 
Cel6A used as reference. 
 

 
 

Figure 24 SDS-PAGE analysis of the commercial enzymes used and hydrolysis 
supernatant samples taken after 72 h of hydrolysis together with purified 
T. reesei Cel7A (CBH I) and Cel6A (CBH II). The samples are as follows: 
1, Novozym 188; 2, Celluclast 1.5L; 3. purified T. reesei Cel7A and Cel6A; 
4, enzyme mixture of Novozym 188 and Celluclast 1.5L used in 
hydrolysis; 5, hydrolysis supernatant without PEG; and 6, hydrolysis 
supernatant with PEG. The amount of total protein loaded on the gels 

were 2.5 and 2.0 µg for the commercial enzymes; 1.0 µg for the purified 

Cel7A and Cel6A; 2.0 µg for enzyme mixture of Novozym 188 and 

Celluclast 1.5L; 2.1 and 1.4 µg for the hydrolysis supernatant samples. 
Staining was made with Colloidal Coomassie Blue. 

 
Comparing the binding of the sum of the two cellobiohydrolases calculated from 
gel image analysis, adsorptions of 97.5% and 45.7% in the supernatants without 
and with PEG, respectively was found. These adsorption values are in remarkably 
good agreement with the experimental data from the FPA measurements (72 hours, 
Figure 23). However, it should be noted, that Cel7B and other minor proteins 
which appear close to CBH enzymes on SDS-PAGE gel may interfere with CBHs. 
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The adsorption of individual enzyme components, such as T. reesei Cel7A and 
Cel7B on SPS (10 g/l) and isolated lignin (60 g/l) was reported in Paper IV in short 
term (6 hour) hydrolysis/incubation at 40°C. The adsorption was more pronounced 
in case of SPS (Figure 5 of Paper IV), than in case of isolated lignin (Figure 6 of 
Paper IV), which is probably due that the enzymes were also bound productively at 
this stage of hydrolysis. It was shown, that 49% of Cel7A and 65% of Cel7B was 
adsorbed on isolated lignin, and was reduced to 5% due to the addition of PEG. 
When the cellobiohydrolase Cel7A and an endoglucanase, Cel5A were compared 
with regard to their adsorption affinity (Palonen et al., 2004), it was observed that 
endoglucanase was bound to lignin to a higher degree. This higher binding is 
probably due to its open active site as compared to the tunnel-shaped active site of 
cellobiohydrolase. However, the importance of the CBM on enzyme adsorption 
has also been shown. When only the core protein was used, only about 17% 
adsorption was observed (Paper IV).  
 
As lignin was found to play an important role in cellulase adsorption, experiments 
were performed using different steam pretreated substrates in hydrolysis 
(Paper VI) and the final free FPA and β-glucosidase activities have been recorded 
(Figure 25). In case of one substrate (SPS) about 90% of the initial FPA has 
disappeared from the hydrolysis supernatant, while other substrates had less impact 
on the enzyme activity, resulting 50-60% decrease. In all cases, enzyme 
inactivation was reduced by PEG addition. The highest effect of PEG addition 
(7.7-fold higher activity) was in case of SPS, while no significant effect of PEG 
addition was observed (p=0.571) on SPSSB. For SPCS, SPH, SPW and SPWS, 
53%, 64%, 68% and 51% increase in FPA was observed, which shows, that the 
nature of the substrate, most probably the structure of the lignin, has a role in the 
activity increasing effect of PEG addition.  
 
For β-glucosidase, the decrease of enzyme activity was less pronounced, as already 
have been shown earlier (Figure 23). There are contradictious results in the 
literature about BG adsorption. Several papers reported significant BG adsorption 
on lignocelluloses (Yang and Wyman, 2006; Sutcliffe and Saddler, 1986), while 
others observed less binding of BGs (Lu et al., 2002; Puls et al., 1985, Berlin et al., 
2006), which are more comparable with our results. To clarify this problem, 
hydrolysis of SPS has also been performed with Trichoderma enzymes alone, i.e. 
without Aspergillus β-glucosidase supplementation. 
 
  



 72

 
 

 
Figure 25 Free FPA (A) and β-glucosidase (B) activities after 72-hour hydrolysis of 

different steam pretreated substrates (2% DM substrate concentration) 
with and without PEG 4000 addition (2.5 mg/ml) in 50 ml reaction volume, 
at 50°C in 50 mM sodium acetate buffer pH 4.8. Enzyme loadings were 20 
IU/g DM Celluclast 1.5L and 40 IU/g Novozym 188. Mean values of 
triplicates and standard deviations are presented. 
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Surprisingly, when only T. reesei β-glucosidases (Celluclast 1.5L only) were 
present in the hydrolysis mixture almost no residual activity was observed; 
compared to the previous case, where Aspergillus β-glucosidases (Novozym 188) 
were also present. This drastical decrease in β-glucosidase activity has reflected the 
decrease in FPA as well. Addition of PEG 4000 has reduced the BG adsorption 
when only T. reesei enzyme was present, and had less impact on the β-glucosidase 
activity of the Celluclast 1.5L+Novozym 188 mixture. The difference in the 
adsorption behaviour of β-glucosidases from different enzyme sources may be due 
to their molecular properties. As these enzymes lack CBMs, other surface 
properties, like exposed hydrophobic amino-acid side chains or different degree in 
protein glycosylation may be the reason for this difference. 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. 
 
The effect of PEG addition in enzymatic hydrolysis of lignocelluloses was found to 
be beneficial for both the cellulose conversion and the enzyme adsorption. It is 
suggested that for lignocelluloses, the most pronounced effect in decreasing 
enzyme activity during the hydrolysis is the unproductive binding of enzymes on 
lignin, as cellulases are recoverable after hydrolysis of microcrystalline cellulose 
(Avicel) (Lu et al., 2002; Ouyang et al., 2010). However, other inactivating 
mechanisms could also affect the decrease of enzyme activities. The possible 
mechanism of the positive effect of PEG addition is that it adsorbs on the surface 
of the lignin. This adsorption can be through (1) hydrogen bonding, (2) 
electrostatic or (3) hydrophobic interaction (Brash et al., 1995). The adsorption 
affinity of PEG to the lignin is affected by the structure of the lignin. Probably all 
of the above mentioned interactions take place when PEG adsorbs on the lignin, 
which result in a coating on lignin which can repulse enzymes from the lignin 
surface blocking their unproductive binding. Once enzymes remain in the liquid 
fraction of the hydrolysis mixture, the cellulose hydrolysis would be more 
efficient.  
 
Significant differences were observed in the adsorption behaviour of the various 
cellulase components. Generally endoglucanases were found to have higher 
affinity for adsorption to lignin, than cellobiohydrolases. Regarding β-glucosidases 
the role of the enzyme source was found to be important, as T. reesei β-glucosidase 
had high affinity for adsorption or inactivation on lignin, in contrast to Aspergillus 
β-glucosidase. There may be several advantages of PEG addition to enzymatic 
hydrolysis of cellulose in a large- or pilot scale process. The enrichment of free 
enzymes in the hydrolysate during the early stage of the hydrolysis would result in 
a decreased process time, and it would allow also enzyme recycling. Thus PEG 
would have a positive effect on the process economy.  
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5 SUMMARY 
The work presented here 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 the carbohydrate 
content down 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 
treatment with severity of 3.65 (190˚C for 10 min and 200˚C for 5 min) was found 
to be optimal for enzymatic degradability of the feedstock. 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. No effect of ensiling on the pretreatment 
parameters was observed, but it was found to be a suitable storage method. 
 
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 has also been proved. The 
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importance of the β-glucosidase and the xylanase activity in case of the hydrolysis 
of xylan containing substrates has been highlighted. The effect of Cel3A addition 
on the xylan conversion has also been shown. 
 
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 raised the level of 
active cellulase present in the hydrolysate. The possible mechanism for the effect 
is that PEG 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. The decrease of β-glucosidase activity during 
enzymatic hydrolysis was found to be dependent on the microbial source of the 
enzyme. When other steam pretreated lignocelluloses were hydrolysed, the degree 
of the positive effect of PEG addition has varied with the nature of the feedstock. 
 

5.1 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 and 
simultaneous saccharification and fermentation, respectively (Paper I and II). The 
separation was most effective in SSF of steam pretreated hemp silage, where 30% 
increase of ethanol yield was achieved. 
 
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). 
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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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Abstract Sweet sorghum is an attractive feedstock for ethanol production. The juice

extracted from the fresh stem is composed of sucrose, glucose, and fructose and can

therefore be readily fermented to alcohol. The solid fraction left behind, the so-called

bagasse, is a lignocellulosic residue which can also be processed to ethanol. The objective

of our work was to test sweet sorghum, the whole crop, as a potential raw material of

ethanol production, i.e., both the extracted sugar juice and the residual bagasse were tested.

The juice was investigated at different harvesting dates for sugar content. Fermentability of

juices extracted from the stem with and without leaves was compared. Sweet sorghum

bagasse was steam-pretreated using various pretreatment conditions (temperatures and

residence times). Efficiency of pretreatments was characterized by the degree of cellulose

hydrolysis of the whole pretreated slurry and the separated fiber fraction. Two settings of

the studied conditions (190 °C, 10 min and 200 °C, 5 min) were found to be efficient to

reach conversion of 85–90%.

Keywords Sweet sorghum . Ethanol fermentation . Lignocellulose . Steam pretreatment .

Enzymatic hydrolysis

Introduction

Sweet sorghum (Sorghum bicolor var. saccharatum) has a great potential as an energy crop

[1]. It belongs to the C4 family with a high photosynthetic activity and drought tolerance;

therefore, it can be cultivated in almost all temperate and tropical climate areas [2]. This

plant requires less fertilizer and water compared to other sugar crops. Sweet sorghum has
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been used for the production of edible syrup in North America for over 100 years [3]. A

wide range of processes can apply this raw material as feedstock. In most cases, sweet

sorghum juice is extracted from the fresh stem, then the liquid fraction and the remaining

solid residue—bagasse—are processed separately.

There are several possibilities to convert sweet sorghum juice to a highly valuable

product. The earliest use of this fraction was making white sugar from the liquid. This

process results in a by-product, molasses, which is a viscous liquid containing high

amount of sugars [4]. Nowadays, molasses is used as carbon source in the fermentation

industry. Sweet sorghum juice itself can be used for ethanol production as well [5], and it

was reported to be an ideal substrate for the production of gaseous biofuels such as

hydrogen [6]. Sweet sorghum tends to deteriorate after harvest; thus, the main problem of

juice processing is the microbial instability of the liquid. Several studies focused on

increasing the storability of the extracted juice and the chopped stalk. The most suitable

techniques were as follows: (1) evaporating the juice to a 60% syrup [3], (2) ensiling the

chopped stalks in presence of 0.5% formic acid, and (3) enzyme-assisted ensiling of the

stalk [7].

As the juice, sweet sorghum bagasse has also several ways of utilization. In contrast to

sweet sorghum juice, which can be used in the food industry, the bagasse fraction has only

non-food utilization alternatives. Earlier, it was used as animal feed or as soil fertilizer after

composting with other wastes [1]. Nowadays, bagasse is mainly used for energy production

by combustion [8]. The main problem with biomass combustion is the high ash content,

which can cause slagging, corrosion, or fouling [9]. Antonopoulou et al. [6] used the

remaining solids after the extraction process and evaluated the methane production.

Furthermore, sweet sorghum bagasse was found to be a remarkable raw material for the

paper industry, yielding high-quality pulp [10]. The most promising future utilization of

bagasse is cellulose-based ethanol production, while the residual solids (mainly lignin) can

be burned to provide heat and power. Hydrolysis of the cellulose and hemicellulose

fractions can be catalyzed by acids or cellulolytic enzymes. Enzymatic process needs a

pretreatment step to increase the susceptibility of the cellulose, which can be degraded by

cellulolytic enzymes to glucose. Gnansounou et al. [4] compared four options for sweet

sorghum conversion in which white sugar or ethanol was produced from the juice and the

bagasse was burned or converted to ethanol. In this study, the best economic results were

achieved when bagasse was converted to fuel ethanol irrespective of what juice was

processed for.

The aim of this study was to test Hungarian sweet sorghum as feedstock for ethanol

production. Since conventional white sugar production is based on sugar beet in Hungary,

the potential of the whole sweet sorghum crop was investigated. Sweet sorghum juice

samples harvested at different dates were evaluated upon their sugar content and

fermentability. Steam pretreatment of the bagasse was tested at four experimental sets after

SO2 impregnation. The efficiency of the process was evaluated by enzymatic hydrolysis of

the whole slurry and the separated fiber. Low substrate concentration was used to minimize

product inhibition.

Materials and Methods

Figure 1 shows the schematic representation of the experimental process in that two options

of the pentose fraction utilization, which are advantageous for ethanol production, are

indicated.
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Sweet Sorghum

Hungarian sweet sorghum variety “Berény” was cultivated at Research Institute, Karcag

(Centre for Agricultural Sciences and Engineering, University of Debrecen, Hungary) in

2006. This variety is a double-cross sweet sorghum hybrid with a yield of 60–80tons of

fresh stem per hectare that is mainly processed to silage. The ratio of stem, leaves, and

panicles was found to be about 76%, 16%, and 8%, respectively. Sweet sorghum was

harvested at different dates to monitor the change in the sugar content (Fig. 2). Sweet

sorghum juice was extracted from the fresh stem with leaves on site. In some cases,

extraction of the sugar juice was achieved from the leaf and panicle free stem in order to see

if there is any effect of leaf removal on the fermentability of the juice. Solid residue

(hereafter called bagasse) was collected, chopped, milled, and dried at 50 °C to 85–90% dry

matter content (DM).
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Fig. 1 Schematic diagram of the sweet sorghum utilization for ethanol production
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Steam Pretreatment

Bagasse samples from stem with leaves harvested, chopped, and pressed in September were

mixed and steam-pretreated all together at the Department of Chemical Engineering, Lund

University, Sweden. The material was steamed at atmospheric pressure for 1h in order to

reach 50% moisture content and then impregnated with 2% SO2 (based on moisture

content) in plastic bags for 30 min. Steam pretreatment was performed in a reactor with 10-L

working volume [11]. Temperature was set and maintained by injection of saturated steam.

Based on previous results reported from sugar cane bagasse pretreatments [12], four

experimental settings of steam pretreatment were tested varying the temperature and

residence time: 180 °C 10 min, 190 °C 5 min, 190 °C 10 min, and 200 °C 5 min. When the

desired residence time on pretreatment temperature was reached, pressure was released and

the material was collected in a cyclone. Slurry was divided into two parts: one was used as

“whole slurry” in enzymatic hydrolysis and the other part was separated into fiber and

liquid fraction. Supernatant of the pretreated slurry was analyzed for sugar and inhibitor

content. Dilute acid hydrolysis was performed to determine the total sugar content of the

liquid fraction as well. Fiber fraction of the pretreated material was washed with triple

amount of hot distilled water to remove the solubilized sugars and inhibitors, and then the

washing liquid was removed by filtration. Washed fiber was analyzed for carbohydrate,

lignin, and ash content.

Analysis

Lignin and carbohydrate content of raw and pretreated materials were analyzed using

NREL protocol [13] with some modification. The amount of oven-dried (105 °C) samples

was 0.5 g which was hydrolyzed with 2.5 mL 72% sulfuric acid at room temperature for

2 h. After the reaction time was reached, this mixture was diluted with 72.5 mL distilled

water, and the hydrolysis was continued at 121 °C for 60 min. The samples were filtered

through G4 glass filter crucibles. The remaining lignin on the filter was dried at 105 °C,

weighted, and placed in furnace at 550 °C for 6 h. The Klason lignin content was taken as the

ash-free residue after hydrolysis. Ash content was determined gravimetrically. Samples

were placed in furnace at 550 °C for 6 h, then the ash content was calculated from the

weight loss of samples.

Concentration of the sugar monomers (glucose, xylose, and arabinose) in the supernatant

was measured using high-performance liquid chromatography (HPLC). Total carbohydrate

content in the supernatant of the pretreated slurry was determined after dilute acid

hydrolysis which was performed in test tubes in 5-mL reaction volume with 4% sulfuric

acid concentration at 121 °C for 10 min [14].

High-Performance Liquid Chromatography

Liquid samples from pretreatment, total sugar determination, raw material analysis,

enzymatic hydrolysis, and fermentation upon their monomer sugar, inhibitor, and/or

ethanol concentrations were determined with a Shimadzu HPLC system (Shimadzu, Kyoto,

Japan) using an Aminex HPX-87H column (Bio-Rad, Hercules, CA, USA) at 65 °C. The

eluent, 5mM H2SO4, was used at a flow rate of 0.5 mL/min. Sugar content of the sweet

sorghum juice (sucrose, fructose, and glucose) was analyzed with the same HPLC system

on Aminex HPX-87P column (Bio-Rad) at 85 °C using ultrapure water as eluent at a flow

rate of 0.6 mL/min. Concentration of carbohydrates and inhibitors were detected upon their
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refractive index. All samples were filtered through a 0.2-μm pore size filter before analysis

to remove solid particles.

Yeast Cultivation

Ordinary baker’s yeast (Saccharomyces cerevisiae, Lesaffre, Budapest, Hungary) was used

in ethanol fermentation. Before fermentation, yeast culture was prepared for inoculation at

30 °C in a 100-mL volume in 750-mL Erlenmeyer flask on an orbital shaker at 350 rpm.

Nutrient solution contained 2.5 g/L yeast extract, 5 g/L peptone, 1 g/L KH2PO4, 0.3 g/L

MgSO4, 2 g/L NH4Cl, and 50 g/L glucose to which 2 g pressed yeast was added. After

20 h of cultivation, yeast cells were centrifuged and washed two times with distilled water.

Ethanol Fermentation

Ethanol fermentation was carried out at 30 °C in 250-mL screw-capped glass bottles

supplied with magnetic stirrers in a 100-mL reaction volume. Sweet sorghum juice and

enzymatically hydrolyzed bagasse samples were used as medium without any additional

nutrients. After setting the pH to 5.0, bottles were inoculated with the above-described yeast

starter culture to a final concentration of 0.5 g DM/L. Fermentation was performed using an

online fermentation monitoring system, which is based on measuring the CO2 production

originally described by Veiga et al. [15]. Ethanol fermentation experiments were run for

24 h in duplicates.

Enzymatic Hydrolysis

Enzymatic hydrolysis was performed at 50 °C, pH 4.8 (0.05M sodium acetate buffer) using

overhead stirring at 250-rpm average agitation speed in 1 L glass bottles. Experiments were

carried out in 500-g batches using a substrate concentration of 2% DM both with the whole

slurry after pretreatment and with the separated and washed fiber fraction.

Commercial enzyme solutions, Celluclast 1.5 L and Novozym 188 (Novozymes A/S,

Bagsvaerd, Denmark) were used. Celluclast 1.5 L is a complete Trichoderma cellulase

mixture containing exo- and endocellulases, β-glucosidases, and hemicellulases. Novozym

188 is an Aspergillus β-glucosidase preparation. Enzyme activity of Celluclast 1.5 L was

determined as 101 FPU/mL overall cellulase and 34 IU/ml β-glucosidase. Novozym had a

β-glucosidase activity of 435 IU/mL. Filter paper activity measurement was carried out

according to Mandels et al. [16], with the modification that an enzyme dilution releasing

1mg glucose was used. β-glucosidase activity was measured according to Berghem and

Petterson [17]. Enzyme loadings of 20 FPU/g dry substrate cellulase and 20 IU/g dry

substrate β-glucosidase were used. Samples were taken after 0, 2, 4, 8, 24, and 48 h to

monitor the hydrolysis. Hydrolysis experiments were run in duplicates on whole slurry and

triplicates on washed fiber.

Results and Discussion

Sweet Sorghum Juice

The juice of sweet sorghum is composed of sucrose, glucose, and fructose. In juice sample

obtained at the first harvesting date (22nd August), the overall sugar concentration was
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rather low (50 g/L) and fructose was found to be the dominant sugar in the juice (65%);

only a trace amount of sucrose was detected (Fig. 1). The increase of sucrose content occurs

in the reproductive phase of the orthogenesis, especially after the heading stage which is the

formation of panicle and its emergence from the boot. Sucrose accumulation in sorghum

begins after cessation of internodal elongation obviously making the shift of these culm

parts to storage sinks [18]. In the latter samples—except those harvested in November—

sucrose was found to be the dominant sugar (57–72%), and in all cases, the amount of

glucose was higher than the amount of fructose, which correlates with previously reported

results [19]. In the samples without leaf removal, harvested in September, the overall sugar

concentrations were found to be between 100 and 117 g/L, as is shown in Fig. 2.

Significantly less sugar was observed in the November-harvested samples; probably,

sorghum stalks started rapid deterioration after the first frost [20], which was in the middle

of October 2006 in Hungary.

Ethanol Fermentation from Sweet Sorghum Juice

In 24-h fermentation experiments, most of the ethanol was produced in the first 8h in all

cases.

In pre-experiments, effect of nutrient addition, such as KH2PO4, MgSO4, and NH4Cl,

was tested on the yield of ethanol fermentation from the juice (data not reported). Even

though Laopaiboon et al. [5] observed that efficient ethanol production from sweet sorghum

juice requires nitrogen source supplement, the addition of these nutrients to the

fermentation medium did not enhance the ethanol yield by S. cerevisiae in our experiments.

Ethanol concentrations and yields using sweet sorghum juice extracted with and without

leaf removal are shown in Table 1. There was no significant effect of leaf removal on the

ethanol yield; 0.42–0.45 g ethanol was fermented from 1 g sugar. There was a significant

difference in the sugar content of the samples extracted in different ways; samples extracted

without the leaves showed approximately 20% higher sugar content.

Composition of Sweet Sorghum Crop

Table 2 shows the composition of the sweet sorghum whole crop samples harvested in

September at two different dates. Besides water-soluble sugars, there are significant

amounts of cellulose and hemicellulose. Since these sugar polymers can also be used for

ethanol production, utilization of these constituents should be taken into consideration.

Total polysaccharide content is even higher (by 30–35%) than the soluble sugar content in

Table 1 Effect of leaf removal on sugar content of sweet sorghum juice and ethanol yield.

Harvest date Total sugar (g/g) Ethanol (g/g) Yield (g/g)

18th Sept.a 116.8 49.8 0.426

26th Sept.a 101.1 45.0 0.445

18th Sept.b 132.0 55.5 0.420

26th Sept.b 130.0 54.1 0.416

Results of ethanol fermentations are presented as mean values of two parallels; the relative standard deviation

was below 5%.
a The fresh stem was extracted with the leaves on
b The stem was extracted after removing the leaves
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the whole plant, which means that ethanol yield could be doubled by utilizing the

polysaccharides besides the soluble sugars.

Although the sugar content of the crop without leaves was higher than that of the whole

crop (Table 2), it had no effect on ethanol fermentation from the juice (see yield values in

Table 1). Since leaf removal is not feasible in industrial scale, this option can be omitted.

The compositions of sweet sorghum bagasse samples achieved at different harvesting

dates are presented in Fig. 3. Although there is a slight increase in cellulose content

between samples harvested on 22nd August and 26th September, this increase is not

significant, and this is the case in the concentration of the other constituents as well over the

investigated period. The average content of cellulose, hemicelluloses, and lignin in sweet

sorghum bagasse samples obtained after harvesting in August, September, and November

were measured as about 34%, 25%, and 18%, respectively. Consequently, the harvesting

date can be determined by the sugar content of the juice; the by-product bagasse can be

utilized as harvested at any time.

Steam Pretreatment

Sweet sorghum bagasse was pretreated by steam explosion at various parameters.

Table 3 shows the composition of the raw material before pretreatment and the solid
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Fig. 3 Composition of sweet

sorghum bagasse at different har-
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Table 2 Composition of sweet sorghum (whole crop).

Harvest

date

Water soluble sugars

(%)

Cellulose

(%)

Hemicellulose

(%)

Total carbohydrate

(%)

Lignin

(%)

Ash

(%)

18th

Sept.a
7.47 6.25 3.64 9.89 3.08 0.79

26th

Sept.a
6.87 6.10 3.22 9.32 3.16 0.68

18th

Sept.b
9.43 6.27 3.69 9.96 3.21 0.38

26th

Sept.b
8.80 6.26 3.33 9.59 3.29 0.43

Results of carbohydrate and lignin contents are presented as mean values of three parallels; the relative

standard deviation was below 5%.
a Samples with leaves on
b Samples without leaves
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fraction of the pretreated material. Steam explosion was characterized with the severity

factor (Eq. 1) introduced by Overland and Chornet [21].

R0 ¼ t " exp
T # 100

14:75

! "

ð1Þ

where t is time in minutes and T is temperature in °C. Severity factor is the logarithm value

(base 10) of R0. According to these values, the severities of the two used milder and two

harsher pretreatment settings seem to be very similar.

Glucan ratio of the substrate has increased significantly during the pretreatment. Milder

pretreatment conditions resulted in 40–43%, while harsher experimental sets caused about

54–61% increase in glucan content. At milder pretreatment conditions, xylan content

decreased by 20–30%, while at harsher sets, about 50% decrease was observed due to the

acid-catalyzed hydrolysis of the hemicellulose fraction that results more accessible cellulose

in the enzymatic hydrolysis. This is equivalent to 70-75% solubilisation of the initial xylan

content of the raw material. As the hemicellulose ratio has been reduced significantly, lignin

content of the fiber has increased due to the pretreatment. The initial 18% lignin content

increased to 23% after milder and to 25% after harsher pretreatment.

The ratio of glucan to xylan in the fiber fraction has increased with the severity of the

pretreatment. In the raw bagasse, the ratio of these compounds was 1.41, which has increased to

2.45 and 2.84 after the milder and to 4.58 and 4.24 after the harsher pretreatments (data are in

the same sequence as the pretreatment settings in Table 3, respectively). This indicates that

significant amount of xylan has been solubilized, while the glucan content has only been

degraded to a minor extent. Although the xylan removal can be increased under harsher

pretreatment conditions, degradation of glucan is more pronounced using higher temperature

and/or longer residence time. Ballesteros et al. [22] observed 92% decrease in xylan content;

however, the glucan ratio of the fibers increased only by 19% when sweet sorghum bagasse

was steam-exploded at 210 °C for 2 min without acid catalysis. A compromise between the

highest xylan and the lowest glucan hydrolysis during pretreatment has to be found especially

when the pentose fraction is separated and further used for ethanol production.

Sugar and inhibitor content of the pretreatment supernatants are shown in Table 4. All

sugar concentrations in the liquid fractions increased with the severity; the highest values

were measured in the supernatant at the pretreatment parameters of 200 °C and 5 min. The

monomer glucose contents varied between 3.6 and 7.8 g/L, while the total glucose

concentrations obtained after dilute acid hydrolysis varied between 13.0 and 18.0 g/L. The

xylose and water-soluble xylan oligomers were released at higher extent due to the harsher

Table 3 Analysis of data from different pretreated materials: composition of raw bagasse and washed fiber

fraction of the pretreated bagasse.

Pretreatment logR0 Carbohydrate content (%) Lignin content (%)

Temperature (°C) Time (min) Glucan Xylan Arabinan

Untreated – 36.25 25.64 2.04 18.6

180 10 3.36 50.70 (96.0%) 20.62 (63.1%) 2.11 22.9

190 5 3.35 51.74 (96.1%) 18.17 (53.9%) 2.12 22.5

190 10 3.65 58.32 (95.9%) 12.75 (25.9%) 2.07 24.6

200 5 3.64 55.73 (93.7%) 13.15 (28.3%) 1.93 25.2

Results are presented as mean values of three parallels; the relative standard deviation was below 5%. Data in

parenthesis show the residual percentages of glucan and xylan based on their mass in raw bagasse
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pretreatment; the xylose monomer concentration was between 6.4 and 23.0 g/L, and the total

xylose content varied between 20.6 and 44.1 g/L. The liquid fraction contains significant

amount of carbohydrates (total glucose and xylose content together takes up to 62 g/L),

which makes this fraction a suitable material for other fermentation processes after separation.

Since inhibitors can interfere with microbial growth, which might cause a problem in the

ethanol fermentation step, their concentrations were also measured in the supernatant.

Furfural and 5-hydroxymethyl-furfural (HMF) are the degradation products of pentoses and

hexoses, respectively. The amounts of these compounds were found to be below the

inhibiting concentration [23] at all studied conditions. Formation of formic acid correlated

with the residence time instead of the severity factor (logR0). Applying short residence

time, the concentration of formic acid was higher. Formic acid is formed when furfural and

HMF are broken down [24]. The reason for the decrease in formic acid concentration when

longer residence times are applied may be that formic acid can react with other compounds

at these conditions in a low-rate reaction. Formation of acetic acid correlated rather with the

severity factor; harsher pretreatment conditions resulted in higher acetic acid concen-

trations. Acetic acid is released from the acetylated hemicelluloses during pretreatment.

Enzymatic Hydrolysis

Enzymatic hydrolysis was performed both on the whole pretreated material and the

separated washed fiber fraction. The advantage of separation of the solid and the liquid

fractions after pretreatment is that the xylose-rich liquid fraction can be used for pentose

fermentation, cellulase enzyme production [25], or transformation to various valuable

products through bio- and chemical conversions. Figure 4 shows the hydrolysis curves of

pretreated sweet sorghum bagasse using the whole slurry, i.e., without separation of the

fiber and liquid fractions. The achieved final glucose concentration values were around 7 g/L

in the case of the two milder pretreatments and between 11–12 g/L of the two harsher-

pretreated bagasse samples. As the xylan content of the raw material is rather high, the

xylose concentration in the hydrolysates was also considerable, around 4 g/L from the

bagasse samples pretreated at milder and between 6 and 6.5 g/L from the samples pretreated

at harsher conditions. These results show that xylose amounts to one third of the total sugar

content in the hydrolysates; thus, efficient ethanol fermentation requires a microorganism

able to ferment both sugars. Although recombinant xylose-utilizing yeasts have been

developed, lower xylose concentration in the hydrolysate is favorable. Xylose is

metabolized only after consumption of all glucose, since uptake of both sugars are through

Table 4 Analysis data from different pretreated materials: sugar and inhibitor content of the liquid fraction

from the pretreated slurry.

logR0 Concentration (g/L)

Glucose Cellobiose Total

glucosea
Xylose Total

xylosea
Arabinose Acetic

acid

HMF Furfural Formic

acid

3.36 3.55 1.31 13.00 6.41 20.63 3.03 1.656 0.124 0.226 3.295

3.35 5.38 1.41 16.62 15.12 33.2 4.76 2.762 0.179 0.405 4.161

3.65 6.98 2.55 14.78 20.82 36.38 4.67 4.954 0.359 1.002 3.564

3.64 7.77 2.95 17.96 22.97 44.14 5.53 5.394 0.392 0.862 4.505

Results are presented as mean values of three parallels; the relative standard deviation was below 5%.
aAfter dilute acid hydrolysis
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the glucose transporters, which have more than 100-fold lower affinity for xylose compared

to glucose [26].

Figure 5 shows the final (48h) conversions of the whole slurry (white bars) and the

washed fiber hydrolysis experiments (gray bars). Conversion is expressed as a percent of

the released glucose compared to the glucose equivalent of the total glucan content of the

substrate. While 16% conversion was observed (data not reported) after 48 h enzymatic

hydrolysis of untreated sweet sorghum bagasse, with 180 °C 10 min and 190 °C 5 min

pretreatment, 48% and 55% conversions of the whole slurry were achieved, respectively.

Using harsher pretreatment conditions (190 °C 10 min and 200 °C 5 min), 83% and 86%

conversions were reached, respectively. Washed fibers from bagasse pretreated at milder

conditions (180 °C 10 min and 190 °C 5 min) reached 45% and 53% conversions,

respectively. After harsher pretreatment (190 °C 10 min and 200 °C 5min) and washing

step, 89% and 92% conversions were reached in the case of separated fibers, respectively.

In contrast to the results using mild conditions, in the case of harsh pretreatments,

conversions of the washed fibers were about 7% higher compared to the results obtained

from whole slurry hydrolysis. Pretreatment of the substrate at the mild experimental settings

(180 °C 10 min and 190 °C 5 min) have resulted in low enzymatic digestibility of the

cellulose fibers, while harsher pretreatment conditions proved to be sufficient to increase

degradability significantly. Increasing the temperature from 180 °C to 190 °C with 10-min

residence time resulted in 44% increase in the final cellulose conversion of the washed

fiber. Increasing the temperature from 190 °C to 200 °C at 5-min residence time, 39%

improvement in the conversion was obtained. Comparing the effect of the residence time at

190 °C, 36% higher conversion was observed by increasing the pretreatment time from 5 to

10 min.
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Conclusions

The objective of this work was to test Hungarian sweet sorghum as a possible feedstock

for ethanol production. It was found that sweet sorghum can be harvested over at least a

1-month period with high amount of sugars in the stem. The juice extracted from the

harvested plant was found to be an appropriate feedstock for ethanol fermentation. The

effect of leaf removal proved to be negligible from the aspect of the ethanol yield achieved in

fermentation by ordinary baker’s yeast. The solid residue, bagasse, was investigated for

possible utilization as lignocellulosic rawmaterial for alcohol production. Steam pretreatment

of SO2-impregnated bagasse has been tested at different residence times and temperatures.

Two of the used conditions resulted in easily digestible material by cellulosic enzymes. At

190 °C 10 min and 200 °C 5 min pretreatment parameters, 89% and 92% cellulose

conversion of the separated washed fiber fraction could be achieved, respectively.

Applying separation step, cellulose fibers can be separated from inhibitory components

of yeast ethanol fermentation, such as furfural, HMF, acetic acid, or formic acid. The

advantageous effect of inhibitor removal in hydrolysis was observed only at harsh-

condition-pretreated substrates where the final conversions increased by about 7%. Fiber

separation followed by enzymatic digestion results in a readily fermentable hydrolysate (in

our experiments, around 80–90% glucose to ethanol yields were achieved by S. cerevisiae;

data not shown). Moreover, applying separation step before enzymatic hydrolysis, pentoses

presented in the liquid fraction can be processed to several valuable products. This might be

a basis for a lignocellulose biorefinery.
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a b s t r a c t

Biomass can be converted into liquid and gaseous biofuels with good efficiency. In this

study, the conversion of industrial hemp (Cannabis sativa L.), a biomass source that can be

cultivated with a high biomass yield per hectare, was used. Steam pretreatment of dry and

ensiled hemp was investigated prior to ethanol production. The pretreatment efficiency

was evaluated in terms of sugar recovery and polysaccharide conversion in the enzymatic

hydrolysis step. For both materials, impregnation with 2% SO2 followed by steam

pretreatment at 210 !C for 5 min were found to be the optimal conditions leading to the

highest overall yield of glucose. Simultaneous saccharification and fermentation experi-

ments carried out with optimised pretreatment conditions resulted in ethanol yields of

163 g kg"1 ensiled hemp (dry matter) (71% of the theoretical maximum) and 171 g kg"1 dry

hemp (74%), which corresponds to 206e216 l Mg"1 ethanol based on initial dry material.

ª 2010 Elsevier Ltd. All rights reserved.

1. Introduction

Interest in biomass-based renewable fuels has increased, and

ethanol produced from lignocellulosic feedstock is a prom-

ising candidate. The carbohydrate portion of lignocellulose

biomass (containing cellulose and hemicellulose) is suitable

for ethanol production but difficult to access when cellulose,

hemicellulose and lignin are associated. Several pretreatment

methods have been developed to increase the accessibility of

cellulose [1], and a wide variety of lignocellulosic substrates

have already been proven to be suitable raw materials,

including wood materials (spruce [2], willow [3]), agricultural

by-products (such as corn stover [4], wheat straw [5]), sugar

production by-products (sugar cane bagasse [6], sweet

sorghum bagasse [7]), reeds [8] or switchgrass [9].

The target plant of this studywas industrial hemp (Cannabis

sativa L.), which is an annual plant mostly cultivated for its

strongfibres.Hemphasnot, to our knowledge, previously been

investigated for ethanol production, and has several features

that make it an interesting alternative biomass. The plant is

Abbreviations: SPH, steam pretreated hemp; SPHS, steam pretreated hemp silage; WIS, water insoluble solids.
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rather drought tolerant, and can reach high biomass yields per

hectare [10]. The need for herbicides can be reduced because

hempisable toovergrowweeds.Thus, it isadvantageous touse

hemp in a crop rotation, especially in organic farming. Hemp

fibre already has many industrial applications, for example in

the textile or pulp and paper industries [11]; it can be used in

fibre-reinforced composites [12] or as a construction material

[13].Hemphasalreadybeenreported tobe feasiblesolid fuel for

combustion [14].

Hemp can be cultivated in various climates. In warmer

areas, hemp can be dried in the field and stored dry. In other

areas where rain is common during the harvest period in the

autumn, ensiling can be a more suitable storage method. In

addition, during ensiling acids are formed that could later

act as catalysts in the physico-chemical pretreatment,

which might decrease the need for addition of extra chem-

icals to the process. When using hemp as a biomass source

for fuel production rather than as a fibre crop [15], har-

vesting should be postponed for 1‑2 months to achieve the

highest biomass yield.

The cellulose content of the hemp stem is quite high (about

44%) compared to other agricultural lignocellulosic materials,

e.g., corn stover [16] or wheat straw [5], both with 37% (dry

matter) cellulose. The high cellulose content and high

biomass yieldmake hemp a good potential crop for bioethanol

production. The hemp stem consists of bast fibres and

a woody core. The bast fibre is rich in cellulose and has rather

low lignin content, while the woody core has significantly

higher lignin content [17].

Steam pretreatment of hemp fibres has previously been

studied in order to separate the fibres from the other compo-

nents [17]. Treatment with alkali impregnation followed by

steampretreatment at 200 !Cwith a residence time of 90 s was

found to be optimal for this purpose. In another study, steam

pretreatment of hemp fibres at 185 !C for 2 min increased the

cellulose content from 60% to 74%, whereas enzyme (pecti-

nase) assisted retting followedby steampretreatment resulted

in a 78% cellulose content of the remaining solid material [18].

Enhancing the enzymatic breakdown of hemp via electron

beam irradiation was previously tested [19], where the

improvement in enzymatic hydrolysiswasmore evident in the

hydrolysis of xylan than in that of cellulose.

The aim of the present study was to optimise steam

pretreatment parameters for hemp in order to achieve the

highest glucose yield in enzymatic hydrolysis for conversion to

ethanol. Steampretreatmentwasperformedbothondryhemp

stems and hemp silage (stem and leaves together) under

different conditions with and without SO2 impregnation. The

efficiency of the pretreatment was evaluated by enzymatic

hydrolysis of thewhole slurry. Mass balance calculationswere

performed on the pretreatment and the enzymatic hydrolysis

to estimate the overall glucose yield, the efficiency of hemi-

cellulose solubilisation and the sugar degradation. Simulta-

neous saccharification and fermentation (SSF) was performed

on samples at optimised conditions. SSF of both the whole

pretreatment slurry and of the separated solid fraction of the

pretreatedmaterialwasperformed. Fig. 1 shows the schematic

representation of the experiments.

2. Materials and methods

2.1. Raw material

Industrial hemp (C. sativa L.) of the variety Futura 75 was

cultivated at Nöbbelöv, close to Lund, Sweden (N55!430,

E13!080). The hempwas sown on 4 April 2007 and harvested on

3 and 4 September. Stems were cut a few centimetres above

ground. The average drymatter (DM) yieldwas 16Mgha"1. The

hemp was air-dried indoors in open air at 10e20 !C after

harvest to aDMcontent of 91.7%. Therewereno visible signs of

microbial degradation during drying. Stems and leaves

(including fine stems) were separated manually after drying

and weighed. Dry stems were comminuted with a garden

shredder (AXT 2500 HT, Robert Bosch GmbH, Germany) to

a length of 2e3 cm. For the steampretreatment equal amounts

of air-dried hemp from three different fertilization levels (115,

150 and200kgNha"1)weremixeddue to shortageof substrate.

Pretreatment Enzymatic hydrolysis
(pretreatment efficiency)

SPH or
SPHS

fiber
fraction

hemp stems or
hemp silage

Impreg-
nation

SO2

liq
uid
fra
cti
on

water soluble (WS)
(analysis)

SSF on the
whole slurry

SSF on the
separated fiber

Solid residue

Ethanol

Solid residue

Ethanol

Fig. 1 e Schematic representation of the experimental process (Abbreviations: SPH: steam pretreated hemp, SPHS: steam

pretreated hemp silage, SSF: simultaneous saccharification and fermentation).
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Themixture is referred to as dry hemp in the paper. The leaves

were not pretreated since they easily fell apart into smaller

pieces not suitable for the pretreatment unit used. The stems

were sprayed with deionised water to a moisture content of

50%,mixed and stored at room temperature for two days prior

to steam pretreatment.

Silage was prepared from hemp (full plant including leaves)

fertilizedwithnitrogenat 200 kgha"1, whichwasharvested and

shredded to w2 cm pieces using a Claas Jaguar maize forager

equipped with a traditional maize header. The hemp was

ensiled without additives in round bales made by an Orkel MP

2000 stationary baler. The round bales where wrapped in silage

plasticandstoredforeightmonths, fromSeptember2007toMay

2008, when sampleswere taken from the ensiled hemp. Ensiled

hemp samples were stored frozen from May 2008 until

pretreatment started (September, 2008). Ensiled hemp (stems

and leaves) had oven dry matter content of 25%, therefore no

spraying was needed before steam pretreatment.

2.2. Enzyme preparations

The enzymes used in the hydrolysis were Celluclast 1.5L and

Novozym 188 (Novozymes A/S, Bagsvaerd, Denmark). Filter

paper activity of Celluclast 1.5L was 60.9 FPU ml"1 and

b-glucosidase activities were 32.8 IUml"1 and 502.3 IUml"1 for

Celluclast 1.5L and Novozym 188, respectively. FPA and

b-glucosidase activities were measured [20,21] prior to

experiments.

2.3. Chemicals

Nutrients for fermentations (KH2PO4, (NH4)2SO4, MgSO4$7H2O

and (NH4)2HPO4) were purchased from Merck (Hochenbrun,

Germany). Yeast extract was purchased from Applichem

(Gatersleben, Germany). 72% sulphuric acid for analysis of

structural carbohydrates was purchased from Fluka (St. Louis,

MO, USA). Sugar standards for HPLC analysis were purchased

from SigmaeAldrich (St. Louis, MO, USA).

2.4. Steam pretreatment

Pretreatment conditions for dry hemp and ensiled hempwere

tested at different temperatures and SO2 impregnation was

used when indicated. In the case of dry hemp, three different

temperatures (205 !C, 210 !C and 215 !C) were investigated

with 2% SO2 impregnation and a 5-min residence time. Ensiled

hemp was pretreated at four temperatures without SO2

impregnation (190 !C, 200 !C, 210 !C and 220 !C) and at two

temperatures (200 !C and 210 !C) with 2% SO2 impregnation.

Impregnationwas performed in batches of 300 g drymatter

(DM) by injecting SO2 (2% based on water content) into plastic

bags. After 20 min of impregnation, the bags were ventilated

before the material was steam pretreated. Pretreatment was

performed in a 10 l batch reactor, described earlier [22]. After

steam pretreatment, the slurry was collected from the flash

cyclone and stored at þ5 !C a few days. There were no visible

signs of microbial degradation during storage. Samples for

analysis were washed with distilled water to remove water

soluble from water-insoluble solids (WIS). A part of the

pretreatment slurry was separated into solid and liquid

fractions using a manual hydraulic press (Sixten Torne AB,

Malmö, Sweden). The solid fraction was used for the SSF

without additional washing step in the case, when only the

solid fraction was used, and the liquid was used for the yeast

cultivation (as described in Section 2.5).

2.5. Enzymatic hydrolysis

Enzymatic hydrolysis was performed to evaluate the effect of

different steam pretreatment conditions. A low substrate

concentration (2% water-insoluble solids (WIS) using the

whole pretreatment slurry) was used to minimise product

inhibition. Enzyme loading for hydrolysis was 15 FPU g"1 WIS

Celluclast 1.5L and 23 IU g"1 WISNovozym 188. The hydrolysis

was performedwith 500 g totalmass in 1 l bottles immersed in

a water bath at 40 !C. Agitation with a frequency of 5 Hz was

ensured by overhead stirring. The pH was set to 4.8 with

a 0.05mol l"1 sodium acetate buffer. Samples were taken after

0, 2, 4, 8, 24, 48, 72 and 96 h and analysed for monomer sugar

content by high-performance liquid chromatography (HPLC).

All hydrolysis experiments were run in duplicate.

2.6. Yeast cultivation

Yeast cultivation was performed in three steps (propagation,

batch and fed-batch cultivation) [5]. The strain of Saccharo-

myces cerevisiae used was purified from commercial yeast

(Jästbolaget AB, Rotebro, Sweden). Cells were added to

a 300 ml Erlenmeyer flask with 70 ml of a water solution

containing 23.8 g l"1 glucose, 10.8 g l"1 (NH4)2SO4, 5.0 g l"1

KH2PO4 and 1.1 g l"1 MgSO4$7H2O. The water solution also

contained 14.4ml l"1 of a trace-metal solution and 1.4ml l"1 of

a vitamin solution [23]. The pH was adjusted to pH 5 with

0.25 mol l"1 NaOH. The Erlenmeyer flask was closed with

a cotton plug and incubated at 30 !C for 24 h on an incubator

shaker using an agitation frequency of 2.5 Hz.

Batch cultivation was then performed in a 2 l fermenter

(Infors AG, Bottmingen, Switzerland) with a working volume

of 250ml, similarly to the procedure described earlier [24] with

somemodifications. Cultivation was started by adding a 60ml

inoculum to a medium containing 40.0 g l"1 glucose, 22.5 g l"1

(NH4)2SO4, 10.5 g l"1 KH2PO4, 2.2 g l"1 MgSO4$7H2O, 60.0 ml l"1

trace-metal solution and 6.0 ml l"1 vitamin solution [23]. The

pH was continuously adjusted to pH 5 with 10% NaOH solu-

tion. The stirring frequency was 8.3 Hz and the aeration rate

was 0.25 l min"1 corresponding to a space velocity of 1 min"1.

The dissolved oxygen concentration was continuously

measured throughout batch cultivation with an oxygen

sensor. Batch cultivationwas changed to fed-batch cultivation

when a rapid increase in oxygen concentration was observed.

Fed-batch cultivation was performed on the liquid fraction

of the pretreatment slurry by continuous addition of 858 ml of

liquid fraction supplemented with glucose and salt solutions

to a total volume of 1000 ml. The glucose concentration in the

pretreatment liquid solution was adjusted to 80 g l"1. Salts

were added to the solution to concentrations of 11.3 g l"1

(NH4)2SO4, 5.3 g l"1 KH2PO4 and 1.1 g l"1 MgSO4$7H2O. The final

concentration of the diluted liquid fraction was equivalent to

that obtained when the slurry from pretreatment had been

diluted to 7.5% WIS. The diluted and adjusted liquid fraction
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was added to the fermenter at constant flow rate for 14e16 h.

The pH was continuously adjusted to 5 with 10% NaOH solu-

tion. The stirring frequency was 13.3 Hz and the aeration rate

was 1.875 l min"1 at the end of the fed-batch cultivation,

corresponding to 1.5 min"1 space velocity. Cells were har-

vested by centrifugation of the broth at 150 Hz for 5 min and

were washed two times with deionised water.

2.7. SSF

SSF experiments were performed in 2 l laboratory fermenters

(Infors AG, Bottmingen, Switzerland) with 1.4 kg of working

mass using 7.5% WIS substrate concentration. As nutrients

0.5 g l"1 (NH4)2HPO4, 0.025 g l"1 MgSO4 and 1 g l"1 yeast extract

were added. The fermenter with the substrate and the nutri-

ents in separate bottles were sterilised at 121 !C for 20 min.

Cultivated yeast was added at a concentration of 5 g l"1. The

experiments were performed at 37 !C and pH 5, maintained

using a 10%NaOH solution. The experiments were run for 72 h

with 5.8 Hz agitation. Enzyme loading was 20 FPU g"1 glucan

Celluclast 1.5L and 23 IU g"1 glucan Novozym 188. SSF

experiment samples were analysed by HPLC for sugars, lactic

acid, acetic acid and ethanol content.

2.8. Analysis

Extractive contents of the dry hemp sampleswere determined

according to the NREL protocol [25], with themodification that

samples were dried at 105 !C before and after extraction and

the extractives were calculated as loss in weight by the

samples. Analysis of structural carbohydrates and lignin

(based on DM) were performed on the extracted dry hemp

stem samples as well as on the solid fraction of the silage and

on the solid fractions after pretreatment. The analyses were

performed according to the NREL protocol [26]. Silage and

solid fractions were washed with distilled water prior to

analysis. The content of various sugars in the liquid fractions

after steam pretreatment and in the liquid fraction of the

untreated silage, obtained by filtration, was analysed accord-

ing to the NREL protocol [27]. The difference in monomer

sugar concentrations with and without dilute acid hydrolysis

of the liquid samples was determined as oligomer sugars.

Each sample was analysed in duplicate.

2.9. HPLC

The carbohydrate and inhibitor content in the liquid samples

were analysed with an HPLC system (Shimadzu, Japan)

equipped with a refractive index detector. An Aminex HPX-

87H column (Bio-Rad, Hercules, CA, USA) was used for the

separation and determination of cellobiose, glucose,

mannose, arabinose, lactic acid, glycerol, acetic acid, ethanol,

HMF and furfural using 5 mmol l"1 H2SO4 as the eluent at

a flow rate of 0.5 ml min"1 and a column temperature of 65 !C.

An Aminex HPX-87P column (Bio-Rad, Hercules, CA, USA) was

used for the separation of cellobiose, glucose, xylose, galac-

tose, arabinose and mannose with Millipore quality water as

the eluent at a 0.6 ml min"1 flow rate and a column temper-

ature of 85 !C. Calibration of the equipment for each

compound was performed with 6 level calibration standards

at a range of 0.15e10.0 mg ml"1.

2.10. Mass balance calculations

During the experiments, process streams were quantified and

analysed as described above.

The “volatile/further degraded” fraction in the mass

balances was calculated on the basis of the difference in total

solids loaded to the reactor and collected from the cyclone.

The mass balance calculation includes all measurement

errors from the process.

2.11. Statistical evaluation

The effect of fertilization and ensiling on the composition of

hemp stems and solid fraction of hemp silage was investi-

gated using Statistica 8.0 software (Statsoft Inc., Tulsa, OK,

USA) One-way ANOVA followed by Tukey’s HSD test was used

for multiple comparison of the fibre characteristics between

treatments.

Table 1 e Composition of dry hemp grown at different fertilization levels and solid fraction of hemp silage as percentage of
dry weight. Mean values of duplicates are presented. Relative standard deviations in percentage are indicated in
parenthesis.

Dry hemp
(115 kg ha"1 fertilizer)

Dry hemp
(150 kg ha"1 fertilizer)

Dry hemp
(200 kg ha"1 fertilizer)

Solid fraction of
hemp silage

Glucan 44.1 (3.6%) 43.7 (1.9%) 43.0 (2.7%) 45.2 (0.4%)

Mannan 2.0 (3.4%) 2.1 (1.0%) 1.8 (1.7%) 2.6 (0.2%)

Xylan 10.1 (4.5%) 11.0 (1.5%) 10.3 (2.8%) 10.1 (3.4%)

Galactan 2.1 (4.4%) 2.0 (0.4%) 2.1 (1.7%) 1.7 (0.2%)

Arabinan 0.7 (4.8%) 0.6 (2.5%) 0.7 (1.4%) b.d.l.

Acid-soluble lignin 6.5 (0.3%) 6.7 (0.1%) 6.7 (7.2%) 4.7 (3.7%)

Acid-insoluble lignin 14.5 (0.2%) 15.0 (1.3%) 15.3 (0.4%) 18.7 (2.1%)

Water extractives 13.5 11.9 11.0 n.d.

Ethanol extractives 2.7 1.4 0.8 n.d.

Total determined compounds 96.1 94.3 91.6 83.0

n.d. e not determined.

b.d.l. e below detection limit.
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3. Results and discussion

3.1. Raw material compositions

Three samples of dry hemp (only stems) from different

nitrogen-fertilization levels and solid fraction of hemp silage

were analysed for their composition (see Table 1). One-way

ANOVA was performed to compare the fibre composition of

hemp fertilized with different nitrogen levels and hemp

silage. The statistical analysis has shown, that the effect of

these treatments for carbohydrate content, i.e. glucan and

xylan, was not significant ( p ¼ 0.16 and 0.48, respectively at

95% confidence limit). For acid-soluble lignin and acid-insol-

uble lignin, the statistical analysis has shown, that that there

was a significant difference in lignin content of the materials

( p ¼ 0.005 and 0.0001, respectively at 95% confidence limit).

Tukey’s HSD test showed that the silage had a significantly

different content of both acid-soluble lignin and acid-insol-

uble lignin while the content was not significantly different in

the three samples with different fertilization level. The

difference in acid-insoluble lignin content of the silage might

be due to that no extractive measurement was performed on

hemp silage, which may give an overestimation of this frac-

tion. A mixture of the three dry hemp samples (equal parts of

stem samples) was used for steam pretreatment due to the

shortage of the feedstock. The composition used during

the calculations is the average of the compositions in Table 1.

The liquid fraction of hemp silage had a pH of 4.5 and con-

tained four main components: 17.6 g l"1 lactic acid, 7.6 g l"1

acetic acid, 3.0 g l"1 glucose and 1.2 g l"1 ethanol. The domi-

nance of lactate and acetate as fermentation products and the

low pH indicate that the silage was well preserved.

3.2. Composition of WIS after pretreatment

Pretreatment of hemp stem using 2% SO2 impregnation was

performed at 205, 210 and 215 !C. Previous studies at Lund

University, Department of Chemical Engineering, suggested

that SO2 impregnation and a temperature above 200 !C is

needed for sufficient pretreatment of dry hemp (data not

published). Table 2 shows the composition of theWIS fractions

from the steampretreatedhemp stem (SPH). The solid fraction

was mainly composed of glucan (65e67%) and lignin (25e30%)

while hemicellulose was solubilised to a large extent. Only

small differences in WIS composition were observed after

steam pretreatment at 205e215 !C with SO2 impregnation.

Steam pretreatment of hemp silage was performed both

with and without SO2 impregnation. A wide range of

pretreatment temperatures (190e220 !C) were tested due to

the scarce available knowledge on steam pretreatment of

ensiled materials. Compositions of the WIS of the steam pre-

treated hemp silage (SPHS) are presented in Table 3. At milder

pretreatment conditions without SO2 impregnation (190 and

200 !C), the solubilisation of the hemicellulose was not suffi-

cient; a significant amount of xylan was present in the WIS

Table 2 e DM and WIS contents of pretreated slurry and
composition of washed WIS fraction of steam pretreated
(2% SO2 impregnation) dry hemp (SPH).WIS compositions
are presented as percentage of dry weight. Mean values
of duplicates are presented. Relative standard deviations
in percentage are indicated in parenthesis.

205 !C 210 !C 215 !C

DM [%] 15.1 11.3 10.9

WIS [%] 12.4 8.2 8.3

Glucan 66.8 (5.3%) 66.8 (4.5%) 64.7 (3.0%)

Mannan 2.1 (0.6%) 1.8 (1.9%) 1.4 (0.4%)

Xylan 3.8 (3.0%) 3.0 (2.0%) 2.7 (1.5%)

Galactan 0.7 (4.8%) b.d.l. b.d.l.

Arabinan 0.2 (3.9%) b.d.l. b.d.l.

Acid-soluble lignin 3.8 (3.8%) 3.7 (3.1%) 3.7 (1.3%)

Acid-insoluble lignin 19.3 (5.2%) 21.2 (0.3%) 25.9 (1.4%)

Lignin ash 0.3 (3.7%) 0.4 (6.9%) 0.4 (3.5%)

Total determined

compounds

96.8 96.7 98.8

b.d.l. e below detection limit.

Table 3 e DM and WIS contents of pretreated slurry and composition of washed WIS fraction of steam pretreated hemp
silage (SPHS). WIS compositions are presented as percent of dry weight. Mean values of duplicates are presented. Relative
standard deviations in percentage are indicated in parenthesis.

no SO2 SO2

190 !C 200 !C 210 !C 220 !C 200 !C 210 !C

DM [%] 8.8 10.7 10.9 10.8 12.6 11.0

WIS [%] 6.2 7.5 7.4 7.1 7.8 7.5

Glucan 57.9 (5.8%) 62.4 (1.7%) 67.1 (1.8%) 60.7 (2.3%) 68.7 (1.2%) 66.0 (0.0%)

Mannan 2.7 (9.3%) 2.5 (1.0%) 2.2 (0.0%) 1.8 (4.5%) 2.2 (4.6%) 1.8 (2.5%)

Xylan 8.4 (5.2%) 7.5 (0.1%) 1.3 (2.5%) 0.6 (4.6%) 1.3 (4.2%) 0.4 (0.2%)

Galactan 1.0 (2.8%) 0.7 (0.4%) 0.7 (5.5%) 0.5 (2.6%) 0.7 (0.7%) 0.8 (1.2%)

Arabinan b.d.l. b.d.l. b.d.l. b.d.l. b.d.l. b.d.l.

Acid-soluble lignin 3.6 (6.4%) 3.2 (3.0%) 2.9 (3.3%) 3.3 (6.6%) 2.8 (0.3%) 2.9 (1.0%)

Acid-insoluble lignin 19.4 (8.2%) 19.1 (6.8%) 23.4 (0.5%) 26.0 (0.8%) 21.0 (0.7%) 24.7 (5.6%)

Lignin ash 2.0 (2.3%) 1.5 (2.5%) 1.3 (3.8%) 2.3 (1.7%) 1.6 (2.9%) 0.5 (3.6%)

Total determined compounds 94.9 96.8 98.9 95.2 98.0 97.1

b.d.l. e below detection limit
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fraction after pretreatment. At higher temperatures, the xylan

content of the WIS decreased to below 1.5%. However, the

lower glucan content in case of the 220 !C treatment (without

SO2 impregnation) compared to the 210 !C (with or without

SO2) suggests that using this high temperature, the cellulose

component of the solid fraction was partly solubilised or

degraded during the pretreatment. It should also be noted that

the SPHS slurry had a strong unpleasant smell after

pretreatment, in contrast to the SPH slurry.

3.3. Composition of liquid fraction after pretreatment

Fig. 2 shows the sugar concentrations of monomeric and

oligomeric sugars in the liquid fractions of the steam pre-

treated materials. The oligomeric sugars were detected at

significantly higher concentrations than the monomeric

sugars. In case of SPH the presence of the oligomers glucose,

galactose and mannose were around 1.0e1.5 g l"1 (expressed

in monomeric concentration), while the oligomeric xylan

concentration was 6.0e7.0 g l"1. These data suggest that

during the steam pretreatment the hemicellulose fraction of

the hemp stem was solubilised, but not degraded to mono-

meric sugars. In case of SPHS, similar trends were observed,

but generally with lower oligomeric sugar concentrations. In

general terms, the harsher pretreatments yielded higher sugar

concentrations in the supernatants.

Concentrations of 5-hydroxymethyl-furfural (HMF) and

furfural (degradation products of C6 and C5 sugars, respec-

tively) were below reported inhibiting levels for ethanol

fermentation [28] for all samples except SPH treated at 215 !C

with SO2 (Table 4). The low concentration of these sugar

degradation products suggests that degradation of

Fig. 2 e Concentrations of monomer (M) and oligomer (O) sugars (g lL1) detected in the liquid fractions of SPH and SPHS

(oligomers were measured as monomers after dilute acid hydrolysis, and are presented here as concentrations of

monomers).

Table 4 e Concentrations of organic acids and inhibitory compounds in g lL1 measured in the liquid fractions of pretreated
SPH, SPHS and untreated hemp silage.

Lactic acid (g l"1) Acetic acid (g l"1) HMF (g l"1) Furfural (g l"1)

SPH 205 !C SO2 0.21 1.27 0.08 0.29

210 !C SO2 0.31 1.93 0.16 0.51

215 !C SO2 0.57 3.15 0.31 0.93

SPHS untreated 17.6 7.6 0.18 b.d.l.

190 !C 4.86 2.20 0.09 0.06

200 !C 5.90 3.21 0.05 0.12

210 !C 6.10 4.02 0.07 0.22

220 !C 5.47 5.00 0.09 0.55

200 !C SO2 6.85 3.88 0.07 0.21

210 !C SO2 6.26 4.49 0.15 0.54

b.d.l.below detection limit.
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monomeric sugars from hemicellulose was not significant

during the pretreatment. The ratio of sugar degradation

products based on the raw material were below 1.2 g kg"1 for

HMF and 2.0 g kg"1 for furfural based on untreated material,

except for 215 !C SO2 (SPH), 220 !C and 210 !C SO2 (SPHS),

where 3.7e4.5 g kg"1 furfural formation was observed.

A slight lactic acid formation was observed in case of SPH,

while a significantly higher amount was detected in the

supernatant of SPHS, which likely originated from the ensiling

process. The concentration of acetic acid released during the

pretreatment of hemp stem was measured at 1.2e3.1 g l"1. In

case of SPHS, it was significantly higher, up to 5 g l"1, which

corresponds to 1.8e4.1% of the initial rawmaterial. Acetic acid

originates both from the ensiling and from the acetyl groups

in the hemicellulose released during the pretreatment. Weak

acids have previously been found to have an inhibitory effect

on ethanol production by S. cerevisiae [29].

3.4. Enzymatic hydrolysis

Enzymatic hydrolysis of the pretreated slurry was performed

to evaluate the accessibility of the cellulose and thus the effi-

ciency of the pretreatments. Enzymatic hydrolysis was per-

formed on the pretreated slurries of SPH and SPHS. Table 5

shows the final glucose concentrations and the glucan

conversions in the enzymatic hydrolysis as well as the overall

glucose yield including both pretreatment and enzymatic

hydrolysis. For SPH pretreatment at 215 !C resulted in the

highest glucan conversion and overall glucose yield, but it

should be kept in mind that this material contained high

concentrations of furfural and HMF and thus the ethanol

fermentationmight be significantly inhibited. Pretreatment at

210 !C gave nearly as high glucan conversion and glucose yield

but lower levels of inhibitors. For SPHS pretreatment at 210 !C

for 5 min with SO2 addition gave the highest overall glucose

yield among the conditions investigated. Lower temperatures

and pretreatments without catalyst resulted insufficient

glucan conversion, therefore lower glucan yields. For both SPH

and SPHS pretreatment at 210 !C using SO2 catalyst resulted in

a considerable increase in glucan breakdown, resulting in

a glucose yield of 373 and 372 g kg"1, respectively.

Although hydrolysis was performed using equal substrate

concentrations (2% WIS), higher glucose concentration does

not necessarily mean higher glucan conversion, as the

compositions of the WIS fractions differ (Tables 2 and 3). The

availability of the glucan varied in different samples, for

instance in the case of SPHS pretreated without SO2 at 210 !C,

where the glucan content of the WIS was as high as for the

SPH treated with SO2 at the same temperature (data in Tables

2 and 3), and the conversion was significantly lower for SPHS

(Table 5).

Fig. 3 shows conversion values reached in enzymatic

hydrolysis as a function of pretreatment temperature. When

SO2 impregnation was applied (closed symbols), the increase

of the temperature resulted in more remarkable increased

glucan conversion compared to pretreatments without the

acid catalyst.

3.5. Mass balance analysis

Mass balance analyses were performed for both the

pretreatment alone and in combination with enzymatic

hydrolysis. Fig. 4A and B show the carbohydrate recoveries

after steam pretreatment for hemp stem and hemp silage,

respectively. In the calculations for the pretreatment, the

amount of ensiled hemp was taken as 100%, i.e., possible loss

during ensiling was not taken into consideration. The exact

Table 5 e Sugar concentrations, glucan conversions in enzymatic hydrolysis (expressed as percentage of the theoretical)
and the overall glucose yield (including both pretreatment and enzymatic hydrolysis) for SPH and SPHS substrates
pretreated at different conditions. Mean values of duplicate experiments and standard deviations are presented.

Glucose (g l"1) Glucan conversion (%) Overall glucose yielda (g kg"1 raw material)

SPH 205 !C SO2 10.9 & 2.4 72.4 & 1.4 328.9 & 6.4

210 !C SO2 12.7 & 1.4 83.1 & 1.0 373.3 & 4.5

215 !C SO2 13.3 & 0.9 87.6 & 6.9 383.1 & 30.1

SPHS 190 !C 8.4 & 0.6 64.0 & 5.3 254.8 & 21.1

200 !C 8.3 & 0.4 58.3 & 2.9 258.5 & 12.8

210 !C 10.8 & 0.7 71.0 & 1.4 325.8 & 6.4

220 !C 10.6 & 0.3 78.6 & 2.0 318.5 & 8.6

200 !C SO2 11.7 & 0.5 74.7 & 3.0 341.8 & 13.7

210 !C SO2 13.6 & 0.2 89.3 & 2.0 372.3 & 8.3

afor SPHS, the base of the glucose yield was ensiled hemp.
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Fig. 3 e Glucan conversion in enzymatic hydrolysis of

steam pretreated hemp and hemp silage as a function of

pretreatment temperature. Mean values of duplicate

experiments and standard deviations are presented (steam

pretreated hemp with SO2 (:); steam pretreated hemp

silage with (-) and without (,) SO2).
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change in DM and energy content during ensiling is difficult to

determine if the mass and composition of the material is not

determined before and after ensiling [30]. The mass was not

determined in the farm scale ensiling used. Based on the

amount of solubilised sugars and fermentation products (i.e.

lactic acid, acetic acid, glucose and ethanol) measured in the

liquid of the silage, a rough estimation of thematerial balance

of ensiling can be performed, which shows that during the

ensiling, approximately 8% of the raw material was turned

into these products.

SPH hexoses (mainly glucan) remained in the solid fraction

(90e95%), and only 1.5e4.0%were solubilised (Fig. 4A). Further

degradation of hexoses was not significant. In the case of

pentoses (mainly xylan) only 15e20% of the initial amount

remained in the solid fraction. Only 36e48% of the xylan was

transferred into the liquid fraction, and the amount of the

further-degraded or not-determinedmaterial was rather high,

36e42%. Similar mass balances have been achieved for other

lignocellulosic materials (corn stover, salix, spruce) [3]. The

lowest amount of further-degraded/not-determined

compounds and the highest solubilisation of pentoses were

obtained with pretreatment at 210 !C for 5 min. For SPHS,

similar trends were observed concerning the recovery after

pretreatment (Fig. 4B). Hexoses remained in the solid fraction

(86e96%), and only a minor part was solubilised (5e7%) or

further degraded (0e10%). A minor part of the initial xylan
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Fig. 4 e Hexose and pentose recoveries after steam pretreatment of dry hemp (A) and hemp silage (B) as percentage of the

theoretical. Values are based on carbohydrates in the raw material.
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(10e18%) from SPHS remained in the solid fraction, while

20e75% was solubilised, and a large amount (26e60%) was

further degraded or not determined. The reason for the high

amount of these compounds for pretreatment at 190 !C is

probably that this was the least severe condition which has

led to poor pretreatment and rather heterogenous material.

The samples taken for analysis could have been non-repre-

sentative and add an error for mass balance calculation. In

this comparison it should be kept in mind that only stems

were used from dry hemp while hemp silage contained both

stems and leaves.

Fig. 5 shows the mass balances both in the pretreatment

and the enzymatic hydrolysis for the different experimental

setups. The fractions are represented as percentage of the

initial dry raw material and are defined as: i) the water-

insoluble fraction (mainly lignin), which can be further uti-

lised as solid fuel; ii) glucan remained in the solid residue after

hydrolysis; iii) glucan solubilised during the enzymatic

hydrolysis; iv) sugars solubilised in the steam pretreatment;

and v) volatile and further degraded compounds, which were

not accounted for. The goal of the experiments was to maxi-

mise yield of solubilised glucose in the enzymatic hydrolysis

of the steam pretreated material (grey part of the bars in the

figure).

In the case of dry hemp (Fig. 5 and Table 5) the maximal

glucose yields were similar for pretreatment at 210 !C and

215 !C with SO2 impregnation (373 and 383 g kg"1, respec-

tively), but there was a significant difference in the amount of

solubilised hemicellulose sugars (249 and 199 g kg"1). Both

pretreatment conditions were found to be efficient for

improving cellulose hydrolysis, but the lower temperature

resulted in less inhibitor formation. As the process economy is

strongly affected by the utilisation of the hemicellulose frac-

tion [31], pretreatment at 210 !C for 5 min after SO2 impreg-

nation was found to be the best condition for hemp stem. The

optimal pretreatment condition (210/5 min/2% SO2) for hemp

and hemp silage is similar to pretreatment conditions

obtained for agricultural lignocellulosics (200 !C/10 min/2%

SO2 for corn stover [16], 190 !C/10 min/0.2% H2SO4 for wheat

straw [5]; or for woods (210 !C/5 min/2.5%SO2 for softwood

[32], 205 !C/4 min/2% SO2 for hardwood [33].

For hemp silage (Fig. 5 and Table 5), the highest glucose

yield (372 g kg"1) was obtained by pretreatment at 210 !C for

5 min with SO2 impregnation, followed by the pretreatment at

200 !Cwith SO2 impregnation (342 g kg"1). The highest yield of

sugars solubilised during the pretreatment was also obtained

in the case of 210 !Cwith SO2 impregnation, therefore this was

chosen as the best pretreatment condition. Thus, based on

glucose yields in enzymatic hydrolysis, steam pretreatment at

210 !C for 5 min with SO2 impregnation was chosen as the

optimal pretreatment conditions both for dry hemp and hemp

silage.

3.6. Results of SSF of the whole slurry and of the

separated fibre

SSF of SPH and SPHS was performed using either the whole

slurry or the separated solid fraction of the materials pre-

treated using the selected optimal pretreatment conditions:

2% SO2 impregnation followed by 210 !C/5 min treatment.

Fig. 6 shows the glucose, xylose and ethanol concentrations

during the 72 h of the SSF. Decrease of xylose concentration is

an indicator for microbial contamination of the fermentation,

as S. cerevisiae can only consume C6 sugars. Neither decrease

of xylose concentration nor lactic acid production (data not

shown) was observed during the SSF experiments. With SPH,

the separated fibre resulted in a slightly higher ethanol

concentration compared to the whole slurry (Fig. 6A). Final

ethanol concentrations in the case of whole slurry and the

separated fibre were determined to 18.4 g l"1 and 21.3 g l"1,

Fig. 5 e Lignin and carbohydrate fractions after steam pretreatment and enzymatic hydrolysis of dry hemp (SPH) and hemp

silage (SPHS), as percentage of the dry weight of raw material.
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respectively. This corresponds to a total process yield of 148

and 171 g kg"1 ethanol based on raw dry hemp DM, respec-

tively. The overall ethanol yields were 62.4% and 74.1% of the

theoretical maximum based on the glucan content in the raw

material.

With SPHS, the difference between the performance of the

whole slurry and the separated fibre was more pronounced

(Fig. 6B). The final ethanol concentrations were 15.4 and

20.3 g l"1, respectively. The total ethanol yields were 125 and

163 g kg"1 based on hemp silage DM, respectively, corre-

sponding to 53.4% and 71.2% of the theoretical. The significant

difference might be caused by the inhibitory effect of the

organic acids present in the whole slurry [28,29]. At the

beginning of the fermentation of the whole slurry, 6.0 g l"1

lactic acid and 6.8 g l"1 acetic acid were present and the

concentrations of these compounds were constant during the

process. The presence of acetic acid is rather important, as its

pKa value is rather close to the pH of the SSF. The inhibitory

effect of the organic acids is connected with the protonated

form; because it can diffuse across the plasmamembrane [28]

(36% of the acetic acid and 7% of the lactic acid is in protonated

form at pH 5). The concentration of protonated acetic acid was

calculated to be 40.8 mmol l"1.

Maize silage has previously been tested for ethanol

production in SSF [34]. The yield for wet-oxidised (WO) maize

silage was found to be 83% (of the theoretical maximum),

which corresponds to 308 g kg"1 ethanol based on DM WO

maize silage (82% of the theoretical maximum), which is

slightly less thanwhat has been found forWO corn stover [35].

It should be noted, that during WO, beside hemicellulose,

a part of the lignin also degrades, which results in a pretreated

material rich in cellulose. In the case of wheat straw,

132 g kg"1 ethanol based on dry wheat straw SSF yield was

achieved [5], while in case of Salix, 201 g kg"1 ethanol based on

dry wood yield was achieved, and the ethanol yield in SSF was

higher compared to the theoretical maximum than in the

present study [36].

The results obtained both with SPH and SPHS show that

separation of fibre and liquid fraction prior to SSF is advan-

tageous. In the case of SPHS, the effect was more pronounced

compared to SPH. Separation is beneficial not only because of

the removal of inhibitory compounds with the liquid fraction,

but also a new fraction arises containing mainly C5 sugars

(mono- and oligomers) some C6 sugars and other organic

compounds like acetic acid, furfural and HMF, which can be

utilised separately, e.g., for biogas production.

4. Conclusions

Steam pretreatment with an SO2 catalyst was shown to be an

efficient pretreatment method prior to ethanol production

from both dry hemp and hemp silage. In both cases impreg-

nation with 2% SO2 followed by steam pretreatment at 210 !C

for 5 min were found to be the most suitable pretreatment

conditions within the investigated intervals. No significant

effect of the ensiling process was detected at the optimal

conditions for conversion of hemp to ethanol. In further

experiments, utilisation of the liquid fraction and SSF residue

for biogas production to increase the energy recovery will be

investigated.
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Abstract Conversion of lignocellulosic substrates is limited by several factors, in terms of
both the enzymes and the substrates. Better understanding of the hydrolysis mechanisms
and the factors determining their performance is crucial for commercial lignocelluloses-
based processes. Enzymes produced on various carbon sources (Solka Floc 200, lactose and
steam-pre-treated corn stover) by Trichoderma reesei Rut C30 were characterised by their
enzyme profile and hydrolytic performance. The results showed that there was a clear
correlation between the secreted amount of xylanase and mannanase enzymes and that their
production was induced by the presence of xylan in the carbon source. Co-secretion of
α-arabinosidase and α-galactosidase was also observed. Secretion of β-glucosidase was
found to be clearly dependent on the composition of the carbon source, and in the case of
lactose, 2-fold higher specific activity was observed compared to Solka Floc and steam-
pre-treated corn stover. Hydrolysis experiments showed a clear connection between glucan
and xylan conversion and highlighted the importance of β-glucosidase and xylanase
activities. When hydrolysis was performed using additional purified β-glucosidase and
xylanase, the addition of β-glucosidase was found to significantly improve both the xylan
and glucan conversion.
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Introduction

Cellulases are carbohydrate-hydrolysing enzymes that are of substantial industrial interest.
Currently, however, the high market price of cellulases is one of the drawbacks in the
attempt to commercialise the lignocellulosic ethanol process [1]. In addition to genetic and
protein engineering, which aim to tailor enzyme properties and increase productivity,
enzyme production on lignocelluloses as a carbon source is still an option for decreasing the
enzyme cost. In addition to second-generation ethanol processes, cellulases are important in
other industrial fields such as the food, brewery, textile, laundry, animal feed and pulp and
paper industries [2].

The main components of lignocelluloses are cellulose, hemicellulose and lignin.
Cellulose is a linear homopolymer of glucose. Hemicelluloses are branched heteropolymers
built up from C6 and C5 sugars. The backbone of xylan is built up of xylopyranose units
linked with β-1,4 linkages, while the backbone of (galacto)glucomannan is built up of
glucose and mannose units, linked by β-1,4 bonds [3]. Depending on the hemicellulose
sources, the xylan backbone can be substituted with arabinose, glucuronic acid or acetic
acid and glucomannan with galactose and acetic acid. The composition and structure of
hemicelluloses depends on both the raw material and the processing conditions used. For
efficient conversion, pre-treatment is necessary prior to utilisation in order to increase the
accessibility of the enzymes [4]. One of the most studied pre-treatment methods is acid-
catalysed steam explosion, where hemicellulose is partly hydrolysed and solubilised [5].

The most extensively studied cellulose-secreting microorganism is the filamentous
fungus Trichoderma reesei, which is an anamorph of the pantropical ascomycete Hypocrea
jecorina [6]. The term cellulase represents a broad group of enzymes with various
specificities acting synergistically to hydrolyse cellulose [7]. Cellobiohydrolases (EC
3.2.1.91, Cel7A and Cel6A) attack the reducing and non-reducing ends of the cellulose
chain, respectively, mainly releasing cellobiose. Endoglucanases (EC 3.3.1.4, the five major
endoglucanases are Cel7B, Cel5A, Cel12A, Cel61A and Cel45A) randomly attack the
amorphous regions of the cellulose chains, hydrolysing them into cello-oligomers.
β-Glucosidase (EC 3.2.1.21, from glycosyl hydrolase families 1 and 3) acts on the
cellobiose and cleaves it into glucose monomers. β-Glucosidase plays an important role in
this synergistic action [8], as cellobiose is a strong inhibitor of cellobiohydrolases.

In addition to cellulases, a number of hemicellulases are needed for a complete
hydrolysis of lignocellulosic substrates. Xylanases (EC 3.2.1.8) and mannanases (EC
3.2.1.78) are endo enzymes, hydrolysing the backbone of xylans or mannans, respectively.
β-Xylosidases (EC 3.2.1.37) and β-mannosidases (EC 3.2.1.25) act on the solubilised xylo-
or glucomannan-oligomers, respectively. Other debranching activities are performed by
α-arabinosidases (EC 3.2.1.55), α-glucuronidases (EC 3.2.1.139), α-galactosidases (EC
3.2.1.22), ferrulic acid esterases (EC 3.1.1.73) and acetyl xylan esterases (EC 3.1.1.72) [9].
Most of these activities have also been characterised in T. reesei culture broths [3, 10].

In addition to the natural inducer cellulose, several small molecules such as sophorose
[11], lactose, cellobiose and synthetic compounds (thiols or esters of disaccharides) have
been found to be effective inducers [12]. Various lignocellulosic substrates have been
investigated at the laboratory scale as inducers and carbon sources for production of
cellulases [13]. The ratio of the enzymes secreted by the fungus is clearly dependent on the
carbon source [10]. The T. reesei mutant Rut C30 is a parental strain of many presently
used commercial strains [14]. It has been shown that Rut C30 is less sensitive to glucose
repression than other mutants or the wild type, as it carries a mutant form of the cre1 gene,
which conveys glucose repression [15].
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Sun and Cheng [16] have identified three main challenges in enzymatic hydrolysis: (1)
substrate concentration, (2) hydrolytic performance of cellulases and (3) end product
inhibition. However, end product inhibition can be reduced by simultaneous saccharifica-
tion and fermentation process configuration. The effect of cellulases may be enhanced by
applying an enzyme cocktail properly tailored to the substrate used [17]. Supplementation
of cellulases with accessory enzymes (hemicellulases) seems to be beneficial. These
enzymes can also enhance the action of cellulases, as already demonstrated in some cases
[7, 17, 18]. β-Glucosidase can improve cellulose hydrolysis by decreasing end product
inhibition, while xylanases or other hemicellulases can increase the accessibility of
cellulose for cellulases [17].

The aim of the present work was to characterise fermentation broths produced by
T. reesei Rut C30 on various carbon sources, namely Solka Floc 200, steam-pre-treated
corn stover (SPCS) and lactose, by comparing the enzyme composition to the reference
commercial enzyme Celluclast 1.5L. The enzyme pattern was investigated by different
activity assays. Hydrolytic properties of the culture filtrates were evaluated by hydrolysis of
Solka Floc 200, Avicel, SPCS and steam-pre-treated spruce substrates. The results have led
to further understanding of the hydrolytic mechanisms and the factors determining the
performance of different mixtures of T. reesei enzymes.

Materials and Methods

Substrates and Carbon Sources

Three different carbon sources were used in enzyme production: Solka Floc 200 (SF;
International Fiber, New York, NY, USA), lactose-1-hydrate (Spektrum-3D, Hungary)
and SPCS. SF is a commercially available delignified pine fibre product, manufactured
from milled wood by several extraction steps. It has a significant xylan content [19],
and it is commonly used as a model carbon source for cellulase production [1, 3, 13, 19].
Corn stover was steam-pre-treated at ENEA, Italy in a flow-through reactor at 190 °C for
5 min.

Enzymatic hydrolysis with the produced enzymes was performed on Solka Floc, SPCS,
Avicel (pure microcrystalline cellulose, Serva, Heidelberg, Germany) and steam-pre-treated
spruce (SPS). Spruce chips were pre-treated at Lund University, Department of Chemical
Engineering, in a batch reactor after 20 min impregnation with 2.5% SO2, at 210 °C for
5 min. Structural carbohydrates and lignin content of the substrates are presented in Table 1.
Compositions were analysed using the NREL protocol, with minor modifications [20].

Microorganism and Inoculum Preparation

Freeze-dried conidia of T. reesei Rut C30 (ATCC56765) were obtained from the American
Type Culture Collection. The stock culture of the strain Rut C30 was maintained on agar
slants containing 50 g/L malt extract, 5 g/L glucose, 1 g/L proteose peptone and 20 g/L
bacto agar. After 14 days of incubation at 30 °C, the greenish conidia were suspended in
5 mL sterile water, and 1.5 mL of this suspension was transferred to a 750-mL Erlenmeyer
flask containing 150 mL sterile modified Mandels’ medium [21]. The pH was adjusted to
5.6–5.8. Concentration of nutrients was 0.4 g/L urea, 1.9 g/L (NH4)2SO4, 2.7 g/L KH2PO4,
0.5 g/L CaCl2·2 H2O, 0.8 g/L MgSO4·7 H2O, 0.3 g/L yeast extract, 1.0 g/L proteose
peptone and 10.0 g/L lactose. The medium was supplemented with the following trace
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elements: 6.6 mg/L FeSO4·7 H2O, 2.1 mg/L MnSO4·H2O, 1.9 mg/L ZnSO4·7 H2O,
26.7 mg/L CoCl2. The shake flasks were incubated at 30 °C for 3 days on an orbital shaker
(250 rpm).

Enzyme Production in Shake Flasks

An aliquot of 15 mL of 3-day-old inoculum culture was used to initiate growth in a 750-mL
Erlenmeyer flask containing 150 mL of the modified Mandels’ medium, as described
above. To maintain a constant pH (5.8) in the flasks, a 0.1 M Tris base–maleic acid buffer
system was applied [1, 22]. After inoculation, the flasks were incubated for 8 days at 28 °C
and 250 rpm.

Purification of Enzymes

Purified β-glucosidase and Xyn11A (xylanase II) were used during the hydrolysis
experiments when indicated. Aspergillus β-glucosidase (Mw 130 kDa on sodium dodecyl
sulphate polyacrylamide gel electrophoresis (SDS-PAGE), 388 IU/mL activity) was
purified from a commercial preparation (Novozym 188, Novozymes A/S, Bagsvaerd,
Denmark) by a two-step chromatographic procedure, using columns and chromatography
media available from GE Healthcare. The preparation was first desalted and equilibrated
with 0.02 mM sodium citrate buffer (pH 3.5) using a Sephadex G-25C column. After that,
the sample containing 35 g of protein was loaded in two identical runs on a SP Sepharose
FF column (450 mL), equilibrated with 0.02 M sodium citrate and eluted using a gradient
of 0–0.25 M sodium chloride. Protein fractions with high β-glucosidase activity that eluted
in 0.12–0.18 M NaCl were pooled, concentrated by ultrafiltration (10,000 nominal MW
cut-off), equilibrated with 0.02 mM sodium acetate buffer (pH 5.0) using a Sephadex
G-25C and loaded (1.78 g protein) on a DEAE Sepharose FF column (390 mL) equilibrated
by 0.02 mM sodium acetate buffer at pH 5.0. The fractions containing high β-glucosidase
activity that eluted in a NaCl gradient at 0.16–0.18 M salt were combined and concentrated
by ultrafiltration as above. In total, 0.70 g protein was recovered with an activity yield of
40% in the overall purification procedure.

Xyn11A (xylanase II), with a molecular weight of 23 kDa and an activity of 1860 IU/mL
(in the purified fraction), was purified from T. reesei culture broth according to Tenkanen et

Table 1 Composition of cellulosic carbon sources and hydrolysis substrates on percentage of the dry
matter (DM).

SF SPCS SPS

Glucan 75.9 34.2 46.0

Xylan 11.5 16.6 <0.1

Arabinan <0.1 0.3 <0.1

Mannan 1.4 n.d. <0.1

Galactan <0.1 n.d. <0.1

Acid insoluble lignin 0.2 20.7 n.d.

Ash 0.3 12.0 n.d.

Total determined compounds 89.3 83.7 46.0

Composition analysis was performed in triplicates, mean values are presented

n.d. not determined
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al. [23], omitting the last gel filtration step. Purification of T. reesei Cel7A (CBH I) and
Cel6A (CBH II) used in the gel electrophoresis was carried out according to the method
described previously [24].

Enzymatic Hydrolysis

Enzymatic hydrolysis was performed in a 5-mL reaction volume in test tubes with magnetic
stirrers at an agitation speed of 400 rpm at 45 °C. Test tubes were plugged with plastic
corks and sealed with parafilm to prevent evaporation. The substrate concentration was 10 g
carbohydrate/L, and the pH was set to 5 using sodium citrate buffer. Enzyme was loaded at
10 filter paper units (FPU)/g carbohydrates. Four different enzymes were used: the
commercial cellulase solution Celluclast 1.5L (Novozymes A/S, Bagsvaerd, Denmark) and
T. reesei enzymes produced on the three different carbon sources. Samples were taken after
1, 2, 4, 8, 24 and 48 h. At each sampling time, three of the test tubes were placed into
boiling water for 10 min and then centrifuged at 9,000 rpm. Supernatants were assayed for
reducing sugars with the 2,4-dinitrosalycilic acid reagent [25].

In indicated experiments, β-glucosidase and xylanase activities were increased to equal
the activities produced using lactose and SF (to 0.225 and 20.3 IU/mL) with the addition of
purified enzymes.

In the hydrolysis samples taken after 0 and 48 h, one selected sample from the triplicate
(based on released reducing sugars) was analysed for monomer sugars by high-performance
liquid chromatography (HPLC), while in the case of the 8-h samples, soluble cello- and
xylo-oligomers were measured in addition to monosaccharides. The applied HPLC system
and method are described below.

Enzyme and Protein Assays

All enzyme activity assays were performed in 50 mM pH 5 sodium citrate buffer if not
otherwise indicated. The filter paper activity (FPA) for the enzyme profile characterisation was
measured according to the procedure recommended by IUPAC [26] and expressed as FPU.

Endoglucanase activity was assayed against hydroxy-ethyl cellulose (Fluka, Buchs,
Switzerland) as recommended by IUPAC [26] according to the protocol of Bailey and
Nevalainen [27].

Activities against 4-methylumbelliferyl-β-D-lactoside (MULac, Sigma, St. Louis, MO,
USA) were measured either with or without 50 mM cellobiose (Glu2) [28, 29]. The activity
obtained in the presence of cellobiose (MULac Glu2) has generally been considered to be
due to Cel7B (EG I). However, there may also be other enzyme components in the broths
that act on MULac but are not inhibited by cellobiose. The activity obtained without
cellobiose has been described as the combined activities of Cel7A (CBH I) and Cel7B
(EG I), and the Cel7A (CBH I) activity was reported to be the agent that caused the
difference between the activities on MULac and MULac (Glu2). However, this
consideration may not be reasonable due to the aforementioned reason. Activity against
4-methylumbelliferyl-β-D-cellotrioside (MUGlu3, Sigma, St. Louis, MO, USA) was also
measured. Cel5A (EG II) was reported to be the only known cellulase that acts on MUGlu3;
however, there might be other components in the broths that have this kind of activity.
β-Glucosidase was inhibited with 1 M glucose addition in all cases when activity was
assayed against 4-methylumbelliferyl derivatives. β-Glucosidase activity was measured
using 1 mM 4-nitrophenyl-β-D-glucopyranoside (Merck, Hohenbrunn, Germany) as a
substrate, according to Bailey and Nevalainen [27].
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Xylanase [30] and mannanase [31] activities were measured on 1% xylan (birch
glucuronoxylan, Roth, Karlsruhe, Germany) and 0.5% mannan (locust bean gum, Sigma,
St. Louis, MO, USA) substrates, respectively. Xyloglucanase activity was assayed against
1% xyloglucan (Tamarind xyloglucan, Amyloid, Megazyme, Wicklow, Ireland) according
to Benkő et al. [32]. α-Arabinosidase was measured using 2 mM 4-nitrophenyl-α-D-
arabinofuranoside as a substrate in 50 mM pH 4 sodium citrate buffer [33]. β-Xylosidase
activity was assayed using 5 mM 4-nitrophenyl-β-D-xylopyranoside substrate in 50 mM pH
4.5 sodium citrate buffer [34]. α-Galactosidase activity was detected using 1 mM 4-
nitrophenyl-α-D-galactopyranoside [35]. Acetyl xylan esterase activity was measured
against an acetylated xylo-oligomer (kindly supplied by Jürgen Puls, Hamburg, Germany),
and the liberated acetic acid was assayed using an acetic acid test kit (Boehringer test, R-
Biopharm AG, Darmstadt, Germany).

Protein content was assayed with the Coomassie Blue method [36] using BSA as
standard.

Gel Electrophoresis

SDS-PAGE was run on 12% Bis–Tris pre-cast gels using the NuPAGE Bis–Tris
Electrophoresis system (Invitrogen, Carlsbad, CA, USA). The gel was stained using
colloidal Coomassie stain [37]. For the quantitative analysis of the culture supernatant
samples, the gel was scanned and the picture was analysed with AlphaEaseFC™ software
(Alpha Innotech Corporation, San Leonardo, CA, USA). The percentage of the individual
protein components contributing to the total density was calculated from the integrated area
of the peaks.

HPLC

Monosaccharides (glucose, xylose, galactose, mannose and arabinose) from the hydro-
lysates were determined with a Dionex ICS-3000 gradient HPLC system (Dinoex,
Sunnyvale, CA, USA) using a CarboPac1 column with 0.3 mL/min eluent flow at 20 °C.
Cello- and xylo-oligomers were detected using a 1 mL/min eluent flow at 30 °C. The
solvents used were water, 100 mM NaOH, 300 mM Na-acetate-100 mM NaOH and
300 mM NaOH in a gradient with a flow rate of 1 mL/min. Standards were purchased from
Fluka (monosaccharides), Serva (cellobiose) Seikagaku Kogyo (cello oligosaccharides) and
Megazyme (xylo-oligomers).

Statistical Evaluation

Statistical evaluation of the results obtained was performed using Statistica 8.0 software
(Statsoft Inc., Tulsa, OK, USA). Correlation analysis was performed at p<0.05.

Results and Discussion

According to the composition analysis data (Table 1), the content of glucose and xylose
differed significantly depending on the substrates and carbon sources used. The glucan/
xylan ratio in Solka Floc 200 was 6.6 (75.9% and 11.5%), whereas it was 2.05 (34.2% and
16.6%) in SPCS, and practically no xylan was detected in SPS. The high lignin content,
though obvious, was not determined in this case. The composition of the pre-treated
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materials is typical compared to the values reported elsewhere [3, 19] and they thus
represent raw materials typically used in sugar platform biorefinery processes.

Enzyme Characteristics of the Produced Cellulase Mixtures

The cellulase activities measured in the culture filtrates after 8 days of fermentation and
calculated as specific cellulase activities (based on their protein content) are presented in
Fig. 1 and Table 2, respectively. The enzyme activity that is based on the protein content of
the supernatant is referred to as specific activity. Enzymes produced on SF, lactose and
SPCS are hereafter referred to as SF enzyme, lactose enzyme and SPCS enzyme,
respectively. Protein content of the produced enzymes (Table 2) shows that SF and SPCS
were much more efficient carbon sources for T. reesei as compared to lactose. The levels of
secreted proteins were 2.5- to 2.8-fold higher on these two carbon sources than on lactose.
However, the β-glucosidase/FPA ratio was highest (2.3) in the case of the lactose carbon
source, which is favourable in enzymatic hydrolysis. T. reesei has previously been reported
to have poor enzyme production in lactose-based minimal media [15]. The excretion of
enzymes, however, is improved when supplemented with cellulosic substrates as additional
inducers [38].

Enzymes used in this study were subjected to SDS-PAGE gel electrophoresis to detect
the major differences in protein composition. In addition to the enzymes used (Celluclast,
lactose, SF and SPCS enzymes), purified cellobiohydrolases (Cel6A and Cel7A) were
loaded on the gel (Fig. 2). Quantitative analysis of the gel showed that cellobiohydrolase
content (including both Cel6A and Cel7A) for Celluclast, SF, lactose and SPCS enzymes
was found to be 55%, 52%, 60% and 54% of the total protein, respectively.

The specific cellulase activities were similar among the three enzymes produced. There
was, however, a significant difference in specific cellulolytic power of the enzymes
produced, as compared to Celluclast: the SF enzyme had 25%, the lactose enzyme had 31%
and the SPCS enzyme had 45% higher specific filter paper activity than Celluclast. There
was a slight difference in the overall endoglucanase activity (HEC). Thus, the SPCS

0.0

0.5

1.0

1.5

2.0

2.5

3.0

FPA [FPU/ml] Endoglucanase

[10 IU/ml]

Cel7A [IU/ml] β-glucosidase [IU/ml]

A
c
ti

v
it

y

SF 200 Lactose SPCS

Fig. 1 Major (volumetric) cellulase activities in T. reesei Rut C30 culture broth after 8 days of fermentation.
Mean values and standard deviation of triplicates are presented
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enzyme had slightly lower specific endoglucanase activity compared to the others. The
highest specific activity against MULac in the presence of cellobiose (probably due to
Cel7B) was detected in Celluclast, and the produced enzymes were shown to be rather
similar in terms of this aspect. The highest specific activity against MULac in the presence
of cellobiose (which is expected to correspond to the Cel7B activity) was detected in
Celluclast, and again, the produced enzymes proved to be rather similar in this respect.
Activity against MULac, as inhibited by cellobiose (expected Cel7A activity), was the
highest in the enzyme solution produced on lactose followed by Celluclast and enzymes
produced on SF and SPCS. Celluclast had the lowest activity against MUGlu3 (expected
Cel5A activity), while the other three enzymes had similar activities.

The most important and significant difference can be found in the specific β-glucosidase
(BG) activities. The activity was highest in the lactose enzyme, being 1.8- and 2.4-fold
higher than in SF and SPCS enzymes, respectively, and 3.5-fold higher than the specific
β-glucosidase activity of Celluclast. The β-glucosidase level has previously been described
as a major factor in hydrolysis performed by cellulases [16]. This is also reflected in the
lower filter paper activity of Celluclast.

Table 2 Protein content and specific cellulase activities in Celluclast 1.5L and enzymes produced on various
carbon sources.

Protein
(mg/ml)

FPA (FPU/
mg)

HEC (IU/
mg)

MULac (Glu2,
IU/mg)

MULac (IU/
mg)

MUGlu3
(IU/mg)

BG (IU/
mg)

Celluclast 39.17 1.07 21.63 0.86 3.04 1.23 0.69

SF 0.92 1.33 21.45 0.73 2.74 1.71 1.78

Lactose 0.33 1.40 22.72 0.64 3.83 1.68 3.17

SPCS 0.84 1.56 19.17 0.68 2.39 1.67 1.30

Mean values of triplicates are presented. Relative standard deviation was below 5% in all cases

SF Solka Floc, SPCS steam-pre-treated corn stover

Fig. 2 SDS-PAGE analysis of
the enzymes used, together with
purified T. reesei Cel7A (CBH I)
and Cel6A (CBH II). The sam-
ples are as follows: 1 purified
T. reesei Cel7A and Cel6A,
2 SPCS enzyme, 3 SF enzyme,
4 lactose enzyme, 5 Celluclast
1.5L. The amounts of total
protein loaded on the gel were
1.0 μg for both the purified
Cel7A and Cel6A and varied
between 3.0 and 3.5 μg for
Celluclast and SPCS, SF
and lactose enzymes. Staining
was made with colloidal
Coomassie Blue
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Significant differences were observed in the hemicellulase activities (Fig. 3 and Table 3).
The specific xylanase (XYL) activities of the enzymes produced on xylan-containing
carbon sources were significantly higher than those produced on lactose or detected in
Celluclast. Celluclast had the highest specific xyloglucanase (XGase) activity, more than
2-fold higher than in the enzymes produced in this work. Several enzymes have previously
been reported to possess activity towards xyloglucan, including Cel7B (EG I), Cel12A
(previously EG III) and Cel74A (xyloglucanase) [32]. The SF and SPCS enzymes had
significantly higher (3- to 4-fold) mannanase (MAN) activities than Celluclast and the
lactose enzymes. The SF enzyme had the highest specific acetyl xylan esterase (AXE)
activity, followed by Celluclast and the SPCS enzyme. The lactose enzyme had the highest
specific α-galactosidase (AG) activity, nearly 2-fold higher than the SPCS enzyme. In the
case of Celluclast and SF enzyme, only a very low AG activity was detected. There were
significant differences in β-xylosidase (BX) activities, as well. The highest BX activity was
observed in the case of SF, followed by Celluclast. The other two enzymes (lactose and
SPCS) had similar BX activities, at a quarter of the activity of the SF enzyme. In the case of
α-arabinosidase (AA) activity, lactose and SPCS had the highest activity, which was 3- to
4-fold higher than the other two enzymes.

Induction of cellulase and hemicellulase secretion has already been investigated in detail
both on the levels of transcription and secretion [3, 10, 14, 15, 39], and the most
pronounced difference among the enzymes involved in cellulose degradation has been
found in the case of β-glucosidase. Induction of cellulase secretion by lactose in particular
has been investigated in detail [40, 41]. Here, it was found that T. reesei cannot take up
lactose as it lacks lactose-permease and instead has to hydrolyse it by extracellular
enzymes, then take it up as monomers [40]. Deletion of the galactokinase gene (gal1) from
the Leroi pathway in T. reesei significantly decreased cellulase expression, which suggests
that when lactose is used as a carbon source, cellulase expression is induced by an
intermediate in the metabolic pathway of galactose [40]. The results suggest that the
presence of galactose enhances the AG secretion of T. reesei (steam-pre-treated corn stover
contains approx. 2–3% of galactan [42], and Solka Floc does not contain any [19]).
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Fig. 3 Major (volumetric) hemicellulase activities in T. reesei Rut C30 culture filtrates after 8 days of
fermentation. Mean values and standard deviation of triplicates are presented
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The secretion of α-arabinosidase showed a similar pattern to α-galactosidase activity.
This correlation was found to be significant by statistical analysis (correlation coefficient
was found to be 0.991). However, none of the carbon sources used contained a significant
amount of arabinose. These results suggest that α-arabinosidase is co-secreted with
α-galactosidase, as previously suggested by Juhász et al. [3].

Xylanase secretion was found to be dependent on the xylan content of the carbon source,
which is in good agreement with previous results [3]. A low xylanase activity was also
observed in the lactose-induced enzyme. Thus, the results suggest that there is constitutive
xylanase production or that the xylanase activity is due to unspecific endoglucanases such
as Cel7B, which are induced on lactose. As could be expected, the acetyl xylan esterase
seemed to follow the same induction pattern as xylanases. The lactose enzyme had the
lowest amount of protein produced among the tested enzymes.

On the other hand, β-xylosidase secretion did not correlate with the xylan content of the
carbon source. The highest β-xylosidase activity was observed in case of SF enzyme, but it
was poor in the case of SPCS and lactose enzymes.

Secretion of mannanase had a similar induction pattern as xylanase activity. This
correlation was found to be significant by statistical analysis (correlation coefficient was
calculated to be 0.963). In the case of carbon sources containing hemicellulose (SF and
SPCS), 2- to 3-fold higher mannanase activities were observed compared to the lactose-
induced enzyme or to Celluclast. However, the mannanase activity cannot be correlated to
mannan content, as SPCS was reported to contain no mannan [42], and in SF, mannan
comprises only 1.4%. It has been previously reported that the presence of monosaccharides
represses the production of β-mannanase [15], and no expression of the mannanase
encoding gene man1 was observed when cultivating T. reesei on lactose. This can explain
the low mannanase activity in the lactose-induced enzyme.

The results show that native biomass materials can be used successfully as inducers
in cellulase production; however, in a large-scale process, insolubility and quality
variation should be taken into consideration. The results also indicate that if these kinds
of mixtures could be produced commercially and feasibly, improved hydrolysis
efficiency as compared to traditional preparations based on Trichoderma strains could
be obtained.

Enzymatic Hydrolysis

Four substrates (SF, SPCS, Avicel and SPS) were hydrolysed by the three on-site produced
T. reesei enzymes and by Celluclast. The enzyme dosage was based on filter paper activity
(10 FPU/g of carbohydrates). The other corresponding enzyme activities in the hydrolysis

Table 3 Specific hemicellulase activities (IU/mg) in Celluclast and enzymes produced on various carbon
sources.

XYL XGase MAN AXE AG BX AA

Celluclast 20.57 4.89 3.98 1.93 0.01 1.27 0.41

SF 269.42 2.07 11.61 2.88 0.09 2.09 0.53

Lactose 37.85 2.08 3.21 0.63 1.93 0.53 1.99

SPCS 255.63 1.46 8.89 1.66 0.99 0.48 1.43

Mean values of triplicates are presented. Relative standard deviation was below 5% in all cases

SF Solka Floc, SPCS steam-pre-treated corn stover
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are shown in Table 4 for comparison. The most significant differences can be observed in
the cases of β-glucosidase and xylanase activities.

In the hydrolysis of Solka Floc, the SF and SPCS enzymes clearly performed best, based
on reducing sugar released (Fig. 4a). In terms of glucan conversion after 48 h, the SF and
lactose enzymes were found to be superior to Celluclast and SPCS enzyme (Table 5), while
in xylan hydrolysis, the SPCS enzyme resulted in the highest conversion. As there was a
significant difference between the performance of various enzymes after 8 h of hydrolysis
(especially when steam-pre-treated corn stover was hydrolysed), these samples were
analysed in more detail. Thus, during the early stage hydrolysis of Solka Floc (Figs. 5 and 6),
cellobiose accumulation was observed, especially with enzymes poor in β-glucosidase
activity. Analogously, xylobiose and xylotriose accumulation was observed with lactose and
SPCS enzymes, which were deficient in β-xylosidase.

The SF enzyme released the highest amount of reducing sugars from the SPCS substrate
after 8 h. This was due to the rapid xylan hydrolysis (62% conversion). However, at the end
of the hydrolysis (after 48 h), the difference between the enzymes was within the
experimental error (Fig. 4b). The lactose enzyme resulted in the highest glucan conversion
(80%), while the highest xylan conversion (72%) was achieved using the SF enzyme
(Table 5). Interestingly, the lactose enzyme could efficiently hydrolyse xylan to xylose from
the SPCS substrate but not from Solka Floc. Significant xylobiose accumulation was
observed by hydrolysis with the lactose enzyme at the beginning of the hydrolysis (Fig. 6),
especially when using Solka Floc. It has previously been observed that substitution of the
xylo-oligomer influences the action of the β-xylosidase on the substrate [43, 44]. In the case
of the lactose enzyme, the low level of β-xylosidase may be an explanation for the poor
xylan hydrolysis.

There were only minor differences observed in the release of reducing sugars, when
Avicel was hydrolysed with the four enzymes (Fig. 4c). SF and lactose enzymes resulted in
slightly higher glucan conversion (50–52%) compared to Celluclast and SPCS enzymes
(44–45%; Table 5). At the beginning of the hydrolysis, the highest glucan conversion was
achieved using the lactose enzyme, while with the other three enzymes, accumulation of
cellobiose was more pronounced (Fig. 5). Avicel is microcrystalline cellulose; thus,
cellobiohydrolases play the main role in the hydrolysis of this substrate. Obviously, there
was no major difference in the overall cellobiohydrolase activity of the enzyme dosages
used. The results also indicate that the FPA activity, which was the basis of dosing,
corresponds well to hydrolysis performance on Avicel. The effect of β-glucosidase was less
pronounced, probably due to the high crystallinity of the substrate. Thus, cellobiohydrolase
obviously displayed as the limiting activity in the hydrolysis of Avicel.

Table 4 Calculated enzyme activities with FPA dosage of 0.5 FPU.

Protein HEC MULac
(Glu2)

MULac MUGlu3 BG XYL MAN AXE AG BX AA

Celluclast 0.46 10.07 0.40 1.42 0.57 0.32 9.58 1.85 0.90 0.01 0.59 0.19

SF 0.38 8.07 0.28 1.03 0.64 0.67 101.35 4.37 1.08 0.03 0.79 0.20

Lactose 0.36 8.13 0.23 1.37 0.60 1.13 13.54 1.15 0.23 0.69 0.19 0.71

SPCS 0.32 6.16 0.22 0.77 0.54 0.42 82.15 2.86 0.53 0.32 0.15 0.46

Protein content and enzyme activities are presented as protein (mg) and as IU in the hydrolysis mixture,
respectively. Hydrolysis was performed using 10 mg carbohydrate/mL and 10 FPU/g carbohydrates at 45 °C
and pH 5
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Steam-pre-treated spruce was the only lignocellulosic substrate used that does not
contain any xylan and is therefore a suitable substrate to investigate the efficiency of
cellulases alone. Even though cellulose is the main carbohydrate fraction in both SPS and
Avicel, the enzymes performed in different ways. This may be due to the different
crystallinity of the substrates and the presence of lignin in SPS. On steam-pre-treated
spruce, the lactose enzyme performed most efficiently for all output measurements, i.e., in
releasing reducing sugars (Fig. 4d) and in glucan conversion after both 8 and 48 h (Table 5
and Fig. 5). The SF enzyme performed slightly better than Celluclast and the SPCS

Table 5 Glucan and xylan conversions to glucose and xylose after 48-h hydrolysis.

Substrate Enzyme

Celluclast (%) SF (%) Lactose (%) SPCS (%)

Glucan Solka Floc 62.8 73.2 73.3 61.7

Steam-pre-treated corn stover 55.9 75.1 80.6 65.9

Avicel 44.3 50.4 51.8 45.4

Steam-pre-treated spruce 32.7 48.2 59.8 31.6

Xylan Solka Floc 62.2 74.6 30.2 88.2

Steam-pre-treated corn stover 59.8 71.8 63.2 68.9

Hydrolysis was performed using 10 mg carbohydrate/mL and 10 FPU/g carbohydrates at 45 °C and pH 5
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Fig. 4 Release of reducing sugars during hydrolysis of Solka Floc (a), steam-pre-treated corn stover (b),
Avicel (c) and steam-pre-treated spruce (d). Enzymes were Celluclast (circles), SF enzyme (triangles),
lactose enzyme (diamonds) and SPCS enzyme (squares). Mean values of triplicate experiments and
standard deviations are presented. Hydrolysis was performed using a substrate concentration
corresponding to 10 mg carbohydrate/mL and 10 FPU/g carbohydrates at 45 °C and pH 5
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enzyme. It seems that the most important factor in the hydrolysis of SPS is the
β-glucosidase activity present in the enzyme mixture. During the early stages of hydrolysis
of SPS, there were minor differences between the enzymes that were reflected in cellobiose
accumulation, which clearly depended on the β-glucosidase activity of the enzymes.
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Fig. 6 Conversion of xylan (in Solka Floc and SPCS) to xylose, xylobiose and xylotriose after 8 h of
hydrolysis with various enzymes (C, SF, L and SPCS). Hydrolysis was performed using 10 mg carbohydrate/
mL and 10 FPU/g carbohydrates at 45 °C and pH 5
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Fig. 5 Conversion of glucan (in Solka Floc, SPCS, Avicel and SPS) to glucose, cellobiose and cellotriose
after 8-h hydrolysis with various enzymes (C, SF, L and SPCS). Hydrolysis was performed using 10 mg
carbohydrate/mL and 10 FPU/g carbohydrates at 45 °C and pH 5
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The correlation between xylan and glucan conversion after 8 h of hydrolysis is shown in
Fig. 7. Xylobiose and cellobiose were also calculated as hydrolysis products. Statistical
analysis proved that the correlation between these variables was significant at p<0.05
(correlation coefficient was found to be 0.80), showing the strong association between
cellulose and hemicellulose.

Analysis of the correlation between conversions after 8 h of hydrolysis (to monomers
and dimers) and the activities in the hydrolysis was also performed. It was observed that, in
the case of glucan conversion, the only enzyme activity that significantly correlated with
this conversion was that of β-glucosidase (correlation coefficient was found to be 0.91).
This suggests that there were only minor differences between the cellulase activities when
enzymes were loaded based on FPA. It also confirms that cellobiohydrolases are especially
inhibited by cellobiose, leading to accumulation of the glucose dimer that result in a
decrease of overall conversion. In the case of xylan conversion, xylanase and mannanase
activities were found to correlate with the overall conversion (correlation coefficients were
found to be 0.86 and 0.80, respectively). Clearly, as the substrates did not contain mannan,
xylanase was the major activity affecting the conversion of xylan.

In the hydrolysis experiments, enzymes produced in our laboratory performed better
than commercial Celluclast. An evident reason for this is the higher β-glucosidase activity
(Table 3). Based on the hydrolysis results, high xylanase activity seems to be very
important in substrates that contain xylan (see Table 3 and Fig. 4)

Enzymatic Hydrolysis with Enzymes Supplemented with Purified Xylanase
and β-Glucosidase

Further hydrolysis experiments were performed to better understand the importance of
xylanase and β-glucosidase levels during hydrolysis. Therefore, xylanase and

Fig. 7 Correlation between glucan and xylan conversion after 8-h hydrolysis of Solca Floc (squares) and
steam-pre-treated corn stover (circles) substrates at 95% confidence interval. Hydrolysis was performed using
10 mg carbohydrate/mL and 10 FPU/g carbohydrates at 45 °C using pH 5
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β-glucosidase activities were set to the level of the highest enzyme activity by addition of
purified enzyme components. Addition of purified β-glucosidase to the level of the lactose
enzyme increased the BG activity of Celluclast, SF and SPCS enzymes by 250%, 70% and
170%, respectively. Applying additional xylanase—enough to reach the level of SF
enzyme—increased the xylanase activity of Celluclast and SPCS enzyme by 960% and
23%, respectively. Addition of β-glucosidase has notably increased the original filter paper
activities (10 FPU/g carbohydrates in the first case) by 45–50% in the case of Celluclast and
5–15% in the case of SPCS enzyme, which is in good agreement with previous results [45].
Xylanase supplementation had no significant effect on the FPA. Whatman no. 1 filter
paper, which is the substrate in the FPA assay, contains 96.1% glucan and trace amounts
of mannan, but neither xylan nor arabinan.

Conversion of glucan and xylan in SPCS by Celluclast, SPCS and SF enzymes
supplemented with the purified enzymes is shown in Fig. 8. When β-glucosidase was
supplemented, both glucan and xylan conversion increased significantly compared to the
references with the original enzymes. When purified xylanase was added, significant
increase in the xylan conversion was observed in all cases. Expectedly, there was a less
significant effect on the amount of released glucose. Notably, when both accessory enzymes
were added to the hydrolysis, the conversion of glucan increased further, whereas xylan
conversion was not improved from the level in which β-glucosidase or xylanase were
supplemented alone.

The effect of β-glucosidase on xylan conversion can be explained by the inhibitory
effect of cellobiose on xylanase activity. Leggio and Pickersgil [46] have shown that
activity of an endoxylanase (XylA from Pseudomonas fluorescens) is inhibited by short
xylo-oligomers, xylobiose and cellobiose. These results also suggest the existence of
synergy between xylan and cellulose hydrolysis, as already shown in Fig. 7. This effect is
possibly due to the structure of substrates and the close contact of xylan and cellulose in the
fibre matrix, which would allow the improved hydrolysis of either one to help the
hydrolysis of the other.

When steam-pre-treated spruce was hydrolysed, addition of β-glucosidase resulted in a
significant increase in cellobiose hydrolysis, as well as in overall glucan conversion
(Fig. 9). Xylanase addition had no significant effect on the glucan conversion but a
significant amount of cellobiose was observed compared to the experiments with β-
glucosidase addition. The results are well explained by the inhibiting effect of cellobiose on
cellulases, resulting in decreased glucan conversion.

The performance of the traditional commercial preparation could be improved by
boosting it with additional xylanase by using pre-treated substrates containing less residual
xylan or by boosting with β-glucosidase. The deficiency of β-glucosidase in T. reesei

broths is a well-known fact [3, 45]. The effect of β-glucosidase and xylanase seemed to
almost completely explain the difference between the commercial preparation and the
induced enzymes (Fig. 8), in spite of the fact that the loaded EG and MULac activities were
lower (Table 4). However, differences in the profile of the minor side activities, like acetyl
xylan esterase, which had significant differences, may still play a role in improved
hydrolysis. The effect of these helper enzymes needs to be studied in more detail.

Conclusion

The need to produce large amounts of cellulases in full scale biomass-to-ethanol units at
mill site motivates research to study the suitability and efficiency of real substrates for
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Fig. 9 Conversion of steam-pre-treated spruce into glucose and cellobiose after 48-h hydrolysis using
Celluclast (C), SPCS and SF enzymes with supplementation of purified β-glucosidase (B) and/or xylanase
(X). Hydrolysis was performed using 10 mg carbohydrate/mL at 45 °C using pH 5
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Fig. 8 Conversion of steam-pre-treated corn stover into glucose (white) and xylose (black) using Celluclast
(C), SPCS and SF enzymes with supplementation of purified β-glucosidase (B) and/or xylanase (X) after
48-h hydrolysis. As reference, conversion data with the original enzymes (dash) are also presented.
Hydrolysis was performed using 10 mg carbohydrate/mL at 45 °C using pH 5
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enzyme production. Cell-wall-degrading enzymes of T. reesei Rut C30 were produced on
three different carbon sources (Solka Floc, steam-pre-treated corn stover and lactose) and
compared to commercial Celluclast 1.5L. The commercial preparation Celluclast has been
most frequently used as reference enzyme in various studies on lignocellulose hydrolysis. It
contains a fairly complete set of cellulases but is considered to be deficient in β-glucosidase.
As shown also in this work, the major enzymes degrading crystalline cellulose,
cellobiohydrolases, were the main enzymes in this preparation. The CBHs also represented
the major proteins in the produced preparations, whereas there were more striking differences
in the minor activities, obviously causing significant differences among the enzymes studied.

Enzyme characteristics were found to depend on the carbon source, especially in case of
hemicellulases. All enzymes produced by T. reesei Rut C30 had higher specific filter paper
activity than the commercial enzyme. The induction of cellulases by lactose has been
studied previously, and lactose obviously induces a fairly efficient palet of cellulases,
including β-glucosidase. In this work, lactose was also found to be an efficient inducer for
cellulases, especially when evaluated on the basis of specific activities. The protein amount
secreted on lactose was, however, lower than on other substrates. On the other hand, the
induction of hemicellulases was poor on lactose. These characteristics were also reflected in
the comparison of enzymes; the lactose-induced enzyme converted most efficiently
cellulose fractions to glucose. When the carbon source contained hemicellulose, hemi-
cellulases were induced and enzymes produced had especially high xylanolytic activities.
These enzymes hydrolysed lignocellulosic substrates at higher extent than those induced on
low hemicellulose containing substrates.

Interestingly, it could be thus demonstrated that the enzyme profiles produced on
inducing carbon sources to be used as the substrate for hydrolysis were efficient in
hydrolysis and even outperformed the commercial enzyme, Celluclast. The fungus
obviously is able to express enzyme profiles based on the composition of the growth
substrate, and the performance of these enzymes outweighs other enzymes when used for
the hydrolysis of analogous substrates. This conclusion is especially valid when the lower
amounts of β-glucosidase were compensated by supplementation of purified enzyme.
Addition of β-glucosidase improved the release of both glucose and xylose, but xylanase
addition did not significantly improve the release of glucose. These results also suggest
synergistic effects of xylan and cellulose hydrolysis, due to the structure of substrates and
the close contact of xylan and cellulose in the fibre matrix.
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Abstract

There is a need to develop the enzymatic hydrolysis of cellulose for production of ethanol from biomass. In recent years the inhibitory effects

of lignin in lignocellulosic substrates has been the focus of several studies. This points to the importance of understanding the interactions

between cellulose degrading enzymes and lignin. Surface active substances have been shown to adsorb to lignin surfaces resulting in reduction

of unproductive enzyme binding. It is essential to understand the surface properties of both enzymes and lignin to develop pretreatment methods,

surface active additives and engineering of cellulose degrading enzyme systems. This study investigates the PEG–lignin interaction as well as

interactions between lignin and the enzyme modules of the Hypocrea jecorina (Trichoderma reesei) enzymes Cel7A and Cel7B. Interactions were

monitored with 14C labelled PEG 4000 and by measuring the enzymatic activity in solution. It was found that the dominating driving force of

PEG adsorption on lignin is hydrophobic interaction. The effect of PEG addition on enzyme conversion of lignocellulose increased with higher

temperature due to increased adsorption of PEG on lignin, thus resulting in a higher surface density of PEG on the surface. The hydrophobic

adsorption of enzymes to lignin induces denaturation of enzymes on lignin surfaces. The addition of PEG to the enzyme hydrolysis at a temperature

of 50 ◦C is suggested to hinder deactivation of enzymes by exclusion of enzymes from lignin surfaces. The adsorption of full-length Cel7B to

lignin was stronger than for Cel7A. A more hydrophobic surface on the flat face of the cellulose binding module (CBM) together with an additional

exposed aromatic residue on the rough face of Cel7B CBM compared to Cel7A CBM gives a higher affinity to lignin for the Cel7B enzyme.

© 2007 Elsevier Inc. All rights reserved.

Keywords: Cellulase; Lignin; PEG; Adsorption; Hypocrea jecorina; CBM; Enzymatic hydrolysis

1. Introduction

The use of surface active additives has been shown to enhance

the enzymatic hydrolysis of lignocellulose. In the investigations

made so far most of the additives studied have been surfactants

[1–4]. In recent years, however, other additives have been pre-

sented such as proteins [5] (e.g. bovine serum albumin (BSA))

or polymers [6–8] (e.g. poly(ethylene glycol) (PEG)). Many of

the surfactants previously studied have been based on ethylene

oxide such as Tween [1,3]. Although the use of an additive intro-

duces an additional cost to bioethanol production process, clear

benefits have been shown. Reduction of unproductive binding

to lignin will make more effective use of the added enzymes

or decrease the enzyme loading. The use of Tween [1] or PEG

∗ Corresponding author. Tel.: +46 46 222 4870.

Email addresses: folke.tjerneld@biochemistry.lu.se,

folke.tjerneld@biokem.lu.se (F. Tjerneld).

[6] has also shown that efficient conversion of steam-pretreated

spruce (SPS) can be performed at higher temperatures such as

50 ◦C which has significantly reduced the hydrolysis time; with

PEG the time could be reduced from 72 to 48 h. If additives like

surfactants or PEG are to be used in large scale processes it is

important to fully understand the mechanism behind the effect

in order to predict the usefulness of the additive with regard to

different process conditions.

Adsorption of enzymes to isolated lignin has been investi-

gated in a few recent works. Palonen et al. studied the interaction

of Hypocrea jecorina (Trichoderma reesei) enzymes Cel7A

(CBH I), Cel5A (EG II) and their catalytic modules on SPS and

isolated lignin [9]. The results showed that the cellulose binding

module of these two enzymes was the major contributing factor

for unspecific adsorption to isolated lignin. However, a differ-

ence between the catalytic modules affinity for isolated lignin

was also seen, where Cel5A showed a high affinity for alkaline

isolated lignin and Cel7A did not bind to any of the isolated

lignins. The suggested reason for the difference was the open

0141-0229/$ – see front matter © 2007 Elsevier Inc. All rights reserved.
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cleft structure of Cel5A where the hydrophobic residues in the

active site are more exposed than for the tunnel shaped active

site of Cel7A. Berlin et al. [10] used two cellulases with simi-

lar catalytic activity without cellulose binding module to show

that, although cellulose binding modules probably participate

in lignin binding, differences in lignin affinity can be found on

the catalytic module. Understanding of the interactions involved

would allow a protein engineering approach to increase activity

by reduced lignin interaction. In a following study by Berlin et

al., seven cellulase, three xylanase and a b-glucosidase prepara-

tion were analysed with regard to their hydrolytic performance

in presence of two different isolated softwood lignins (ethanol

organosolve dissolved lignin and enzymatic residual lignin)

[11]. The largest differences were found among the cellulase

preparations. Variations were also found among the xylanases

but less pronounced and the b-glucosidase preparation was least

effected by lignin. All enzyme preparations were more inhibited

by the organosolve lignin than by the enzymatic residual lignin.

Analysis of reactive groups of the lignins showed a lower content

of carboxyl and aliphatic hydroxyl groups on the organosolve

lignin suggesting amore hydrophobic surface. This is consistent

with previously suggested mechanisms based on hydrophobic

interaction [6,9]. However, Berlin et al. also point out that the

presence of charged functional groups on both the lignins and the

enzymes couldmediate an ionic-type enzyme–lignin interaction

[11].

Understanding the interactions between additive–lignin and

enzyme–lignin will provide the necessary knowledge to develop

pretreatment methods as well as to give understanding of what

surface characteristics are important in the engineering of better

cellulose degrading enzyme systems. Therefore, the aim of this

study was to increase understanding of the interactions between

PEG and lignin, and to investigate the affinity of the two central

enzymes of the H. jecorina (T. reesei) cellulase system Cel7A

(CBH I) and Cel7B (EG I) to isolated spruce lignin with respect

to differences in enzyme surface properties and the effect of PEG

addition on the individual enzyme modules. PEG belongs to a

group of water soluble polymers that show inverse solubility,

i.e. the hydrophobicity of PEG increases when the temperature

is raised [12]. This has also been treated in theoretical studies

[13,14]. Thus it was interesting to study the effect of temperature

increase on PEG adsorption to lignin and how the PEG effect on

SPS conversion was affected by temperature. These studies also

demonstrated the role of the hydrophobic interaction of PEG

with lignin.

2. Materials and methods

2.1. Substrates

Steam-pretreated spruce (SPS) was provided by Prof. Guido Zacchi, Depart-

ment of Chemical Engineering, LundUniversity. SPSwas produced from spruce

chips. The chips were impregnated with 3% (w/w water content in the spruce

chips) SO2 at room temperature for 20min. The chips were then pretreated for

3–5min at 210–215 ◦C in saturated steam. The pretreatment method is further

described by Stenberg et al. [15]. After pretreatment, the SPS substrate was

washed several times with Milli-Q water to remove soluble material. The cel-

lulose content was determined by a method provided by National Renewable

Table 1

Composition of isolated spruce lignina

Components Content (% of oven dry lignin)

Carbohydrates 5.2

OCH3 groups 14.9

OHCOOH 0.04

OHphenol 2.9

Carbonyls 2.4

OHaliphatic 5.9

a Analysis performed at Institute of Wood Chemistry, Riga, Latvia.

Energy Laboratory/Midwest Research Institute (NREL/MRI) (Laboratory Ana-

lytical Procedure, LAP-002) [16]. The only deviation made from the protocol

was that the samples were diluted 10 times in 50mM sodium acetate buffer pH

4.8 instead of neutralization with CaCO3. Cellulose content of SPS was found

to be 49.6± 0.6%. The content of dry material in SPS was 19.19± 0.03%.

Lignin substrate was a kind gift from Prof. Galina Telysheva and Dr.

Tatiana Dizbite (Institute of Wood Chemistry, Riga, Latvia). The substrate was

produced by two-fold treatment of spruce sawdust with super-saturated HCl

(ρ = 1.23 g cm−3) at 0 ◦C for 18–20 h. The properties of the lignin material can

be seen in Table 1.

2.2. Enzymes

Hydrolysis experiments were performed with the commercial enzyme

solutions Celluclast 1.5 L and Novozym 188 (Novozymes A/S, Bagsvaerd, Den-

mark). Celluclast 1.5 L had cellulase activity of 107 FPUg−1 and b-glucosidase

activity of 33 IU g−1. Novozym had a b-glucosidase activity of 350 IU g−1. Cel-

lulase activity was measured according to Mandels et al. [17] and b-glucosidase

activity according to Berghem and Pettersson [18]. Full-length Cel7A (cel-

lobiohydrolase I, CBH I) and the catalytic module (core) of Cel7A from H.

jecorina were obtained from VTT Biotechnology, production and purification

are described elsewhere [19,20]. The production of full-length Cel7B (endoglu-

canase I, EG I) from H. jecorina is described elsewhere [21]. The catalytic

module (core) of Cel7B (amino acids 1–371) was expressed under the control

of gpdA promotor from Aspergillus nidulans as described by Collén et al. [21]

by transforming the vector pACI into T. reesei QM9414. T. reesei QM9414

were grown at 28 ◦C in a substrate solution containing 30 g l−1 KH2PO4, 8 g l
−1

K2HPO4, 4 g l
−1 (NH4)2SO4, 1ml l

−1 trace metal solution and 40 g l−1 glu-

cose. The fungi were filtered away and the enzyme solution was concentrated

20 times by an Amicon ultrafiltration unit using a PM10 membrane with 10 kDa

cut-off (Millipore, Bedford, MA, USA). The catalytic module of Cel7B was

then purified on a Fast Protein Liquid Chromatography system (GE Healthcare,

Uppsala, Sweden) using an anion (Source Q) exchange column (GEHealthcare,

Uppsala, Sweden). Loading and equilibration of the column was carried out

with 20mM sodium acetate at pH 4.5. Elution was made with a salt gradient

using 1M sodium acetate pH 4.5 buffer. Resulting peaks with high activity were

pooled and concentrated to a final volume of 3ml. Cel7A, Cel7A-core, Cel7B

and Cel7B-core were analysed with sodium dodecylsulphate polyacrylamide

gel electrophoresis (SDS-PAGE). After staining with Coomassie brilliant blue

G250 as described in [22] all four enzymes were detected as single bands on

the gel.

2.3. Surfactants and polymers

Tetraethylene glycol monoalkyl ether with a carbon chain of 9–11 units

(alcohol ethoxylate EO4) and hexaethylene glycol monoalkyl ether with a car-

bon chain of 9–11 units (alcohol ethoxylate EO6) were a gift from Akzo

Nobel (Stenungsund, Sweden). Poly(ethyleneoxide) (PEG)withmolecularmass

of 4000 gmol−1 and poly(oxyethylene)20 sorbitan-monolaurate (Tween 20)

were purchased from Merck (Hochenbrunn, Germany). Radioactively labelled
14C PEG was purchased from Amersham Biosciences (Uppsala, Sweden).

N-Decanoyl-N-methyl-d-glucamine (MEGA 10) was purchased from Sigma

(Sigma–Aldrich, St. Louis, MO, USA). Molecular structures for surfactants and

polymers used in this work are presented in Table 2.
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Table 2

Composition of additives

Name Structure

C9–11EO4 H–(OCH2CH2)4OCH2(CH2)8–10CH3
C9–11EO6 H–(OCH2CH2)6OCH2(CH2)8–10CH3

MEGA 10a

PEG 4000 n= 91

a N-Decanoyl-N-methyl-d-glucamine.

2.4. Hydrolysis experiment

Enzymatic hydrolysis experiments on SPS were performed in 1.8-ml screw

cap tubes using a volume of 1ml 50mM sodium acetate buffer at pH 4.8.

Hydrolytic experiments were performed at several different temperatures both

with and without additions of surfactants and PEG polymers. The tubes were

inverted 20 times/min within a thermostated water bath. The reactions were

terminated by briefly spinning the tubes in a tabletop centrifuge and by sub-

sequently filtering through a 0.22-mm syringe filter (Millipore, Bedford, MA).

All experiments were performed in triplicate and mean values and standard

deviations are presented.

2.5. Sugar analysis

Glucose concentration in the samples was analysed with a DX 500High Per-

formance Anion Exchange Chromatography system with Pulsed Amperometric

Detection, HPAEC-PAD (Dionex, Sunnyvale, CA, USA) using a CarboPacTM

PA100 analytical column (Dionex). An isocratic method with 100mM NaOH

was used for elution. The conversion expressed in percent was calculated

from the sum of produced glucose and based on cellulose content in the

substrate.

2.6. PEG 4000 adsorption experiments

PEG 4000 adsorption experiments were conducted in 1.8ml plastic screw

cap tubes. The reaction volume was 1ml 50mM sodium acetate buffer, pH

4.8 and contained 50mg SPS (dry weight), 2.5 g l−1 PEG 4000 and 0.25mM
14C labelled PEG 4000. Reactions were incubated at 20, 30, 40 or 50 ◦C

for 16 h with 20 inversions/min. Following incubation the samples were

briefly spun down in a tabletop centrifuge, the supernatant was thereafter

filtered through a 0.22mm syringe filter (Millipore, Bedford, MA, USA) to

stop the reactions. Hundred microlitres supernatant was thoroughly mixed

with 7ml of Beckman ReadySafe scintillation cocktail and samples were

placed in a Beckman liquid scintillator LS 1801 (Beckman Instruments, CA,

USA). The amount of unadsorbed 14C PEG 4000 was thus detected radiomet-

rically.

2.7. Enzyme adsorption experiments

Enzyme adsorption experiments were conducted in glass vials with a reac-

tion volume of 0.5ml with 50mM sodium acetate buffer pH 4.8. An amount

of 30mg of 95% pure lignin (5% carbohydrates) or 5mg SPS (dry weight)

was used as substrate. An enzyme concentration of 1mM Cel7A, Cel7A-core,

Cel7B or Cel7B-core was used for the adsorption experiments. Due to the non-

specific binding on surfaces of these enzymes (often prevented by addition of

BSA [23]), reference samples were made containing enzymes with addition

of 2.5 g l−1 PEG without the addition of substrate. These samples constituted

reference points (e.g. 100% of enzymes in solution) which adsorption exper-

iments were compared to. The samples were incubated for 6 h at 40 ◦C with

20 inversions/min to allow enzyme adsorption to the substrate. The samples

were subsequently allowed to sediment for 10min at 40 ◦C before the enzy-

matic activity of the supernatant was analysed in a microtiter plate (Nunclon,

Nunc, Roskilde, Denmark). In each well 15ml supernatant and 85ml 3mM p-

nitrophenyl-b-d-cellobioside (Sigma–Aldrich, St. Louis, MO, USA) in 50mM

sodium acetate buffer pH 4.8 was used. The plate was incubated at 40 ◦C for 16 h

with full-length and catalytic module of Cel7A and for 2 h with full-length and

catalytic module of Cel7B. Following incubation, all reactions were stopped by

adding 100ml 12.5% Na2CO3 and absorbance was measured at 405 nm. Due to

low amount of enzymes in solution, long incubation timewas required. Linearity

of measurements was assured.

3. Results

3.1. The role of chemical structure of surfactant for

enhanced enzymatic hydrolysis

Surfactants containing ethylene oxide (EO) chains have been

shown to enhance the enzymatic conversion of lignocellulose

[1,3]. The effect on SPS conversion by addition of PEG poly-

mers of similar length as ethylene oxide chains in studied

surfactants has shown equal increase in conversion [6]. It was

therefore interesting to investigate the importance of the ethy-

lene oxide structure present in these surfactants. For this purpose

the enhancing effect on SPS conversion of three different sur-

factants was compared. The alkyl chains in all three surfactants

were similar in structure and length (Table 2). The water solu-

ble parts, on the other hand, were composed of tetra(ethylene

glycol), hexa(ethylene glycol) and glucamine (MEGA 10). The

glucamine part has almost the same number of oxygen atoms as

hexa(ethylene glycol) with the difference that themajority of the

oxygens are hydrogen bond donating in MEGA 10. The results

presented in Fig. 1 show that all three surfactants increased the

conversion of SPS but no significant difference between them

could be detected. The increased conversion with length of (EO)

chain has been shown before [6].

Fig. 1. Conversion of cellulose with addition of structurally different surfactants

after 16 h enzyme hydrolysis of steam-pretreated spruce (SPS). SPS (50 g l−1

dry weight) was hydrolysed at pH 4.8 at 40 ◦C using a cellulase activity of

0.69 FPUml−1 (Celluclast 1.5 L) with b-glucosidase activity (Novozym 188)

added at 1.40 IUml−1. Surfactants were added at a concentration of 2.5 g l−1.

Structure and composition of surfactants can be seen in Table 2. All experiments

were performed in triplicates and standard deviations are presented.
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Fig. 2. AdsorptionofPEG4000onSPSas functionof temperature. SPS (50 g l−1

dry weight) was incubated with PEG 4000 at a concentration of 2.5 g l−1 for 16 h

at pH 4.8. PEG radioactively labelled with 14C was added at a concentration

of 0.25mM to measure PEG 4000 adsorption. Labelled PEG in solution was

quantified radiometrically. All experiments were performed in triplicates and

standard deviations are presented.

3.2. Temperature dependence of PEG adsorption to lignin

Previous results in our group have shown that increased pro-

cess temperature together with addition of PEG, fast and high

conversion of SPS can be obtained [6]. In order to study the

effect on PEG–lignin interaction at different process temper-

atures, the adsorption of PEG 4000 to SPS was measured at

20, 30, 40 and 50 ◦C. Fig. 2 shows that the adsorption of PEG

increased linearly with the temperature from 20 to 50 ◦C. Com-

paring the adsorption at 20 and 50 ◦C shows an increase of 96%.

For a cellulose hydrolysis process, it is interesting to compare

the process temperatures 40 and 50 ◦C, which shows an increase

in PEG adsorption by 18%. The interaction of PEG with the

pure cellulose substrate Avicel was studied by measuring the

amount of PEG in solution after 16 h incubation under process

conditions (40 ◦C, pH 4.8). No adsorption of PEG to Avicel

could be detected (data not shown). Therefore, the increase of

PEG adsorption to SPS with higher temperatures must be due

to stronger interactions with the lignin part of the substrate.

3.3. The effect of increased PEG hydrophobicity on SPS

conversion

To investigate the effect of increased PEG hydrophobic-

ity with temperature, the conversion of lignocellulose using

the commercially available cellulase system (Celluclast 1.5 L,

Novozymes) of H. jecorina (T. reesei) with addition of b-

glucosidase (Novozym 188) was performed at temperatures

between 15 and 45 ◦C for 16 h. Comparisons were made with

experiments at the same temperature without addition of PEG.

Fig. 3 shows that practically no PEG effect can be seen below

25 ◦C which agrees with the low adsorption of PEG to lignin at

these temperatures (Fig. 2). The effect, however, increased with

each temperature step from 30 up to 45 ◦C. The PEG effect, i.e.

Fig. 3. Enzyme conversion of SPS with addition of PEG 4000 as function of

temperature. SPS (50 g l−1 dry weight) was hydrolysed for 16 h at pH 4.8 using a

cellulase activity of 0.69 FPUml−1 (Celluclast 1.5L)withb-glucosidase activity

(Novozym 188) added at 1.40 IUml−1. PEG 4000 was added at a concentra-

tion of 2.5 g l−1. All experiments were performed in triplicates and standard

deviations are presented.

the increase in conversion by PEG addition, for the temperatures

30, 40 and 45 ◦C was 32, 47 and 59%, respectively.

3.4. Deactivation of enzymes at lignin–water interface

The use of a process temperature of 50 ◦C in SPS conversion

works well with addition of PEG [6]. However, without addi-

tion of PEG the hydrolytic performance at 50 ◦C is lower than

at 40 ◦C (see Fig. 5 in [6]). Thus, the enzymes are inactivated

at 50 ◦C. Enzymes in hydrolysis mixture without substrate at

50 ◦Cwas stable for 72 h both with and without addition of PEG

(data not shown). To investigate if the loss of activity on SPS at

50 ◦Cwithout addition of PEGwas caused by cellulose–enzyme

interaction or if the presence of lignin plays a dominant role

in enzyme deactivation at increased temperatures, experiments

were performed at 40 and 50 ◦C on both pure cellulose (Avicel)

and SPS with and without addition of PEG. The results showed

that in the hydrolysis of Avicel only a small effect of PEG addi-

tionwas seen on the conversion at both 40 and 50 ◦C (Fig. 4 a and

b). Final conversion of Avicel at 72 h was higher at 50 ◦C than at

40 ◦C for both with (increased 6%) and without (increased 5%)

addition of PEG. Hydrolysis of SPS, on the other hand, showed

a lower conversion at 50 ◦C compared to 40 ◦Cwhen no addition

of PEG was made. With addition of PEG the conversion at 72 h

was similar (78%) at both 40 and 50 ◦C. However, with PEG

the lignocellulose conversion was faster at 50 ◦C, as also shown

earlier [6], where the highest point on the conversion curve was

reached already after 48 h.

3.5. Adsorption to lignocellulose of fulllength Cel7A and

Cel7B and catalytic modules

Full-length enzymes and catalytic modules of Cel7A and

Cel7B were incubated with spruce lignocellulose in order to
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Fig. 4. (a) Enzyme conversion of SPS and pure cellulose (Avicel) with and

without addition of PEG 4000. SPS (25 g l−1 cellulose dry weight) and Avicel

(25 g l−1 cellulose dry weight) was hydrolysed at pH 4.8 at 40 ◦C using a cel-

lulase activity of 0.69 FPUml−1 (Celluclast 1.5 L) with b-glucosidase activity

(Novozym 188) added at 1.40 IUml−1. PEG 4000 was added at a concentration

of 2.5 g l−1. (b) Enzyme conversion of SPS and Avicel performed at 50 ◦C, oth-

erwise carried out as in (a). All experiments were performed in triplicates and

standard deviations are presented.

investigate the enzyme modules adsorption and the effect of

PEG addition on enzyme adsorption. Remaining amount of

enzyme in supernatant after 6 h incubation was measured with

p-nitrophenyl-b-d-cellobioside assay.

Experiments were conducted at 40 ◦C due to the lack of PEG

effect at 4 ◦C, at which temperature adsorption experiments nor-

mally are performed in order to avoid hydrolysis of the cellulosic

material. Therefore, conversion of cellulose was measured for

each experiment to show that no extensive hydrolysis occurred.

The cellulose conversion at 6 h was for full-length Cel7A, cat-

alytic module of Cel7A, full-length Cel7B and catalytic module

of Cel7B 11, 7, 4 and 3% respectively.

The full-length enzymes showed extensive adsorption to SPS

with 10 and 13% of the enzyme left in solution for Cel7A and

Cel7B, respectively (Fig. 5 a and b). Addition of PEG reduced

the adsorption of full-length Cel7B on SPS, and only a weak

Fig. 5. Adsorption of full-length enzyme and catalytic module (core) of (a)

Cel7A (CBH I) and (b) Cel7B (EG I) on SPS with addition of PEG 4000. Full-

length enzyme or catalytic module at 1mM was incubated for 6 h with SPS

(10 g l−1 dry weight) using a reaction volume of 0.5ml at pH 4.8 and 40 ◦C.

PEGwas added at a concentration of 2.5 g l−1. The amount of enzyme in solution

wasmeasured using p-nitrophenyl-b-d-cellobioside assay.All experimentswere

performed in triplicates and standard deviations are presented.

effect was found on full-length Cel7A. However, the catalytic

modules of these enzymes showed a very different behaviour

from the full-length enzymes. The catalytic module of Cel7B

had practically no significant adsorption to the substratewhereas

for the catalytic module of Cel7A only 32% of the enzyme was

adsorbed. A small effect of PEG was observed for the catalytic

module of Cel7A.

3.6. Adsorption of fulllength and catalytic module of

Cel7A and Cel7B on isolated lignin

The adsorption of full-length enzymes and catalytic modules

on isolated spruce lignin was very different compared to that

of SPS. Adsorption of Cel7B, 35% in solution, was higher than

for Cel7A that had 51% left in solution (Fig. 6 a and b). The

catalytic modules showed a very low adsorption to the isolated

lignin, and were found in solution at a level of 86–88%. For

both the full-length enzymes and catalytic modules the addition
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Fig. 6. Adsorption of full-length enzyme and catalytic module (core) of (a)

Cel7A (CBH I) and (b) Cel7B (EG I) on isolated spruce lignin with addition of

PEG 4000. Full-length or catalytic module at 1mM was incubated for 6 h with

lignin (60 g l−1 dryweight) using a reaction volumeof 0.5ml at pH4.8 and40 ◦C.

PEGwas added at a concentration of 2.5 g l−1. The amount of enzyme in solution

was measured using p-nitrophenyl-b-d-glucoside assay. All experiments were

performed in triplicates and standard deviations are presented.

of PEG almost completely eliminated the protein adsorption to

lignin.

4. Discussion

4.1. Surfactant structure

The surfactants used to enhance enzymatic conversion of lig-

nocellulose has almost exclusively been based on poly(ethylene

oxide) as thewater soluble part [1–4,7]. Poly(ethylene glycol) by

itself has shown to have an equally enhancing effect on SPS con-

version as poly(ethylene oxide) based surfactants of similar EO

length [6]. The comparison of a non ethylene oxide based sur-

factant (n-decanoyl-n-methyl-d-glucamine) with two ethylene

oxide based surfactants (tetra and hexaethylene glycol mono

alkyl ether) of similar length showed no significant difference

in the enhancement of conversion. The main difference between

glucamine based surfactants and the ethylene oxide based is

that in glucamine themajority of the oxygen atoms are hydrogen

bond donating,whereas in ethylene oxide the oxygens are hydro-

gen bond accepting. Similar effects of EO surfactant andMEGA

show that the difference in hydrogen bonding properties does

not influence, and indicates the dominating role of hydrophobic

interactions [6]. The increase in conversion from (EO)4 to (EO)6
agrees with earlier findings [6] that longer EO-chains enhance

conversion up to (EO)80.

Poly(ethylene oxide) (PEO/PEG) has been shown to have

interesting properties in making surfaces resistant to protein

adsorption. Themechanism of PEG in protein rejection has been

investigated in several studies [24,25]. Jeon et al. [25] show in a

theoretical study that steric repulsion by surface attached PEG

competes with the hydrophobic interaction between the protein

and the surface. High surface density of bound PEG and longer

chains of PEG are desirable for exclusion of protein from the

surface. In agreement with Jeon et al., a study by Malmsten et

al. [24] also showed that polymer surface density is the major

contributing feature for efficient protein adsorption resistance.

They also showed that covalently attached PEG and strongly

adsorbed PEG containing copolymers had similar effect on pro-

tein adsorption provided that sufficiently high molecular weight

is used. A second study by Jeon and Andrade [26] show that

optimal protein resistance is dependent on both the distance

between surface attached PEO polymers and the size of the pro-

tein. Smaller proteins require smaller distance betweenpolymers

on the surface (higher surface density), while for larger proteins

larger distances between the polymers is needed. Similar con-

clusion is also reached by Malmsten et al. [24]. The optimal in

SPS conversion is to achieve repulsion from the lignin surface

of the key cellulases. The effect of PEG on SPS conversion was

shown to depend on PEG molecular mass up to a plateau level

[6], in agreement with the calculations by Jeon et al. [25].

4.2. Temperature dependence of PEG hydrophobicity and

adsorption

Addition of PEG to enzyme hydrolysis of SPS at higher

temperatures (50 ◦C) than normally used on SPS has shown

promising results with a high degree of conversion and shorter

process residence times [6]. PEG is a water soluble polymer,

however, it is known that the hydrophobicity of PEG increases

at higher temperature [12]. Twomechanisms for the temperature

effect on PEG hydrophobicity have been proposed. One is based

on equilibrium between polar and non-polar conformations in

the EO units [13]. Increased rotation of the bonds at higher tem-

perature will reduce the number of polar EO conformations and

leads to increased PEG hydrophobicity. The other mechanism is

based on that increased temperature reduces hydration of oxy-

gen atoms inPEG, thus leading to increasedhydrophobicity [14].

Lignin is a hydrophobic material due to its chemical structure

based on phenyl propane units [27] and the strong adsorption of

PEG that can be seen with increased temperatures is likely to be

caused by the increased hydrophobicity of PEG. In our previous

work [6] an adsorption isotherm of the binding of PEG to SPS

indicated that two kinds of interactions occur. It was suggested

that hydrophobic interaction was the dominating interaction and

that hydrogen bonding also was taking place. The strong tem-
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perature dependence of PEG adsorption further supports that

hydrophobic interaction is the dominating driving force for PEG

adsorption on the lignin surface.

4.3. The effect of increased PEG hydrophobicity on SPS

conversion

It is well known that the catalytic rate of enzymes increases

with temperature. It has also been shown that the adsorption

of PEG to lignin increases at higher temperature (Fig. 2). It is

interesting to note that only a very small effect on conversion

can be seen from the PEG addition at a temperature below 25 ◦C.

This might be due to that the hydrophobicity of PEG at this tem-

perature is too low for efficient adsorption to the lignin. This

is supported by the PEG adsorption experiment (Fig. 2) where

the adsorption increased by a factor of two from 20 to 40 ◦C. At

temperatures above 25 ◦Cmore PEG adsorbs to lignin, resulting

in larger effect of PEG addition on conversion. Another mech-

anism that also may play a role here is that as temperature is

increased the overall PEG polymer conformation is affected. At

increasing temperatures a dehydration and contraction of PEG

occur [28], thus facilitating an increased packing density [24]

of polymer on the surface which would further enhance repul-

sion of enzymes from lignin. A stronger effect of PEG at higher

temperatures means that if a process configuration for ethanol

production with separate hydrolysis and fermentation is used,

a higher temperature of 50 ◦C would be advantageous due to

the shorter process times [6]. Also, at higher temperatures lower

amount of added PEG is attractive.

4.4. Deactivation of enzymes at lignin–water interface

Kaar and Holtzapple [1] performed enzymatic hydrolysis

experiments on corn stover at 30, 40, 50 and 60 ◦C with addi-

tion of the surfactant Tween. It was shown that the conversions

were highest at 50 ◦C for the Tween samples and at 40 ◦C for the

Tween free samples. Due to the increase in optimum temperature

for conversion by 10 ◦C it was concluded that Tween protects

the enzymes from thermal deactivation. It is well known that

proteins undergo structural changes and even denaturation when

adsorbed on solid surfaces [29] and especially so onhydrophobic

surfaces [30,31]. In the present study, for conversion of Avicel

only a small effect from the addition of PEG was seen at both

temperatures. The conversion was higher at 50 ◦C than at 40 ◦C,

bothwith andwithout addition of PEG.However, the conversion

of SPS was much lower at 50 ◦C than at 40 ◦C when no addition

of PEG was made (Fig. 4). A plausible reason for the deactiva-

tion of enzymes in the SPS hydrolysis could be that adsorption

of enzymes on the hydrophobic lignin induces conformational

changes in the enzymes leading to protein unfolding and denatu-

ration. This mechanism of protein conformational changes upon

surface adsorption has been shown for plasma proteins [30].

Thus, lignin adsorption reduces the stability of the enzymes

which normally have a rather high point of thermal denaturation

(Tm = 64
◦CforCel7AandCel7B) [32]. Therefore, in the conver-

sion of SPS at 50 ◦C, a combination of destabilising adsorption

and increased temperature would be responsible for denatura-

tion of enzymes at the lignin–water interface. By the addition of

PEG, however, enzyme deactivation can be eliminated to a high

degree, due to exclusion of enzymes from the lignin surface.

Retained enzyme stability thus leads to increased enzyme activ-

ity at the higher temperature, resulting in an increased cellulose

conversion.

4.5. Interaction of fulllength Cel7A and Cel7B and

catalytic modules with SPS

The presence of cellulose bindingmodules (CBM) onmost of

the cellulases utilised in lignocellulose degrading processes has

been identified as a probable cause of unproductive adsorption

of these enzymes to lignin [9]. Our present results show that a

similar amount of the full-length Cel7A and Cel7B adsorb to

the SPS substrate. There is, however, a difference between the

catalytic modules in adsorption on SPS. A likely explanation is

the higher affinity of theCel7A catalyticmodule for the cellulose

part of the substrate due to the processive mode of catalysis

where the tunnel shaped active site of the enzymebinds at the end

of accessible cellulose chains and moves along them for as long

as possible [33]. This is in accordance with results by Srisodsuk

et al. that show that the catalytic module of Cel7A has a stronger

binding to bacterial microcrystalline cellulose (BMCC) than the

catalytic module of Cel7B [34]. The same level of adsorption for

the catalytic modules of Cel7A and Cel7B on isolated lignin in

our study also support that the difference in adsorption to SPS

is due to the higher affinity of Cel7A catalytic module to the

cellulose part of the substrate.

Addition of PEG reduced enzyme adsorption to SPS.

Strongest effect of reduced adsorption was seen on the full-

length Cel7B. This is in agreement with the adsorption

experiment of full-length enzymes on isolated lignin where the

amount of adsorbed enzymewasmuch higher for Cel7B than for

Cel7A. Therefore, we can conclude that the CBM of Cel7B has

a higher affinity for lignin than the CBMof Cel7A, which would

explain why the adsorption of Cel7B with addition of PEG was

more reduced.

4.6. Interaction of cellulose binding modules with lignin

No structure of the cellulose binding module of Cel7B is

yet available. There is, however, a structure of the Cel7A CBM

solved by NMR [35]. The structures of these two cellulose bind-

ing modules have been shown to be very similar [36]. In order to

visualise the surface exposure of the hydrophobic and aromatic

residues on the cellulose bindingmodules, the structure ofCel7A

CBM was modelled into the CBM of Cel7B by the mutagene-

sis tool in the computer software Pymol [37]. The Cel7B CBM

model was then subjected to energy minimisation in SwissPdb

viewer [38]. No clashes of residues were found in the structure

and the surface exposed residues of both structures were aligned

using alpha-carbon trace (Fig. 7) to illustrate the differences

between the structures.

On the isolated lignin substrate a significant amount of both

full-length Cel7A and full-length Cel7B was adsorbed. Adsorp-

tion to lignin of both enzymeswas almost completely reversedby
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Fig. 7. Structural alignment of Hypocrea jecorina (Trichoderma reesei) Cel7A

and Cel7B CBM. The model structure of Cel7B CBM was produced using the

mutagenesis tool in Pymol with subsequent energy minimisation in SwissPdb

viewer. To illustrate differences in aromatic content, the Cel7B CBM model

was aligned with the determined structure of Cel7A CBM using alpha-carbon

trace. The image shows the backbone and aromatic side chains of the structure

where the side chains have an accessibility of 15%ormore. Aromatic residues of

Cel7B CBM are coloured black and Cel7ACBM aromatic residues are coloured

dark grey. Aromatic residue positions 1, 2 and 3 are located on the flat cellulose

binding face of the CBM. Internal tyrosines are at position 4. Position 5 is the

extra Cel7B tyrosine. Overlapping residues are seen as black and grey. Images

were made in SwissPdb viewer.

PEG addition. The catalytic modules on the other hand showed

a very low adsorption. There are clear differences in surface

properties between the cellulose binding modules of Cel7A

and Cel7B, which explains the different adsorption to lignin.

The amount and location of hydrophobic residues (Val, Leu,

Ile, Phe, Tyr and Trp) on the surface of the cellulose binding

modules of Cel7A and Cel7B was visualised using Pymol (not

shown). Although, the hydrophobic areas present on the struc-

tures showed no visual difference it was seen that the CBM

of Cel7B has a greater potential for aromatic stacking interac-

tion with lignin. The CBM of Cel7A has four aromatic residues

which all of them are tyrosines. Three of these tyrosines form the

flat surface of the CBM giving the enzyme its affinity for crys-

talline cellulose. The CBM of Cel7B has five aromatic residues

where four of these are tyrosines and one is tryptophan. All of

these residues are exposed on the surface (Fig. 8). The cellulose

interacting flat face of Cel7B CBM is formed by two tyrosines

and one tryptophan [36,39]. The extra tyrosine that is present

in the CBM of Cel7B is highly exposed on the opposite side of

the CBM (Fig. 8). It is likely that the flat face of the cellulose

binding modules has a high affinity for the hydrophobic poly-

aromatic structure of lignin. Thepresence of a tryptophan instead

of a tyrosine on the flat surface of the Cel7B CBM increases

the hydrophobicity in this area. The difference in hydrophobic-

ity according to the hydrophobicity scale of amino acid side

chains made by Roseman [40] between tyrosine and tryptophan

is relatively high. Rosemans scale also includes contribution

from neighbouring peptide bonds and in this scale tyrosine is

assigned the value −1.47 and tryptophan is assigned the value

−2.13. The increased number of exposed aromatic residues and

the increased hydrophobicity of the important flat surface on the

CBMmay explain the increased adsorption of full-length Cel7B

on isolated lignin compared to full-length Cel7A.

In the studybyPalonen et al. [9] adsorption ofCBHI (Cel7A),

EG II (Cel5A) and their catalytic modules was investigated on

SPS and three different isolated lignins (alkali lignin, Cel-lignin

and acid hydrolysis lignin). Unfortunately, no structural infor-

mation is available onCel5A for comparisonwith our study.One

possible reason for that Cel5A had a lower affinity to isolated

lignin thanCel7A in the study byPalonen et al. could be due to an

exposed threonine instead of a valine in Cel7A on the rough face

of theCBM.The differences in the amino acid sequence between

the cellulose binding modules of Cel7A, Cel7B and Cel5A is

Fig. 8. Surface exposure of aromatic residues on H. jecorina Cel7A and Cel7B cellulose binding modules. The model structure of Cel7B CBM was produced using

the mutagenesis tool in Pymol with subsequent energy minimisation in SwissPdb viewer. Images were made in Pymol and shows the exposure of tyrosine and

tryptophan residues (dark grey). All other residues are coloured light grey.
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presented in a sequence alignment by Hoffrén et al. (Fig. 1 in

[36]). Position 27 in this alignment has the extra exposed tyro-

sine that is present in the Cel7B CBM. Thus it is likely that the

Cel7BCBMwill have higher affinity to isolated lignin compared

to the CBM of Cel5A. Further studies with purified structural

determined enzymes needs to be performed in order to further

establish a pattern for the surface properties driving the enzyme

interactions with lignin.

A major difference between the cellulose binding modules

of Cel7A and Cel7B with regard to their affinity to cellulose

is attributed to the tryptophan (in Cel7B) instead of the tyro-

sine (in Cel7A) on the flat face of the CBM [39]. It is also

very likely that this tryptophan also increases the affinity for

lignin. Cel7A has also been shown to work well with a Cel7B

CBM instead of its own [39]. Possibly, Cel7B with Cel7A CBM

would retain its catalytic efficiency but have decreased affinity

for lignin. Although the two catalytic modules investigated in

the present study show a rather low and similar adsorption to

lignin compared to full-length enzymes there are evidence that

differences do occur. Berlin et al. show a significant difference

between lignin adsorption of two endoglucanases (Cel12A from

Penicillium sp., and Cel7B from Humicola sp.) lacking a CBM

[10]. However, no structures of these enzymes are available. In

agreement with Berlin et al., an approach to apply screening and

protein engineering to build enzyme systems with low affinity

for lignin should be a useful strategy.

5. Conclusions

Most of the surfactants and polymers shown to be efficient

in lignocellulose conversion contain poly(ethylene oxide). The

results here show that two surfactants equal in length but dif-

ferent in structure can give the same enhancing effect on SPS

conversion which would indicate that the ethylene oxide struc-

ture is not essential. It is therefore more important that the

additive used has the properties required to effectively bind to

the lignin surface and that the additive provide a high surface

density in order to generate the necessary steric repulsion of

enzymes.

Hydrophobic interaction was found to be the dominat-

ing binding force in PEG–lignin interaction. The interaction

between PEG and lignin is also highly temperature depen-

dent shown by the large increase in PEG binding as well

as PEG effect on SPS conversion when the temperature is

increased. There are also strong indications that the presence

of lignin in the hydrolysis acts as an inducer of thermal denat-

uration of the enzymes when performed at temperatures above

40 ◦C.

In the enzyme–lignin interaction the cellulose binding mod-

ule plays a key role. The difference in affinity for lignin is

suggested to occur because of a tryptophan instead of a tyro-

sine on the flat face of the Cel7B CBM. Another contributing

feature is an additional exposed aromatic residue on the rough

face of the Cel7B CBM compared to the Cel7A CBM. More

work on the role of enzyme surface hydrophobicity with respect

to the affinity of enzymes for lignin is needed to formulate a

more conclusive mechanism.
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a b s t r a c t

Enzymatic hydrolysis of lignocellulosic substrates is one of the limiting steps in second generation bio
ethanol production. The effects of addition of poly(ethylene glycol) 4000 (PEG) on the efficiency and
adsorption of cellulase components during the 72h hydrolysis of steampretreated spruce were investi
gated. It was found that addition of PEG increased the amount of the enzyme components in the hydrolysis
supernatant to varying degrees. As an effect of PEG addition the concentration of free proteins increased
by 36% and the free overall cellulolytic activity (FPA) in the liquid fraction by 51%. After 72h hydrolysis
with PEG 48–68% higher activities towards 4methylumbelliferylsaccharide substrates were recovered.
The results suggest that the effect of PEG is based on the decrease of nonproductive enzyme binding.
The structure of the hydrolysis residues was studied by 31P NMR.

© 2010 Elsevier Inc. All rights reserved.

1. Introduction

Enzymatic hydrolysis of cellulose has to be improved for effec
tive production of ethanol from biomass. The improvement of this
process step can be approached in several ways, such as increas
ing the accessibility of the substrate by modification of its structure
and/or composition, improving the performance of the enzymes or
decreasing the inhibition of cellulases [1].

Several previous studies have focused on the addition of extra
enzyme components [2,3], other kinds of proteins (such as bovine
serum albumin, BSA) [4], surfactants [5–8] or other chemicals (such
as polymers) [9,10]. In an early study by Castanon and Wilke [11],
a positive effect of the Tween 80 surfactant was reported for news
paper hydrolysis and was assumed to be from the higher residual
filter paper activity (FPA). Park et al. [12] have also found favourable
effects by using different surfactants in the hydrolysis of newspaper
and reported a doubling of the amount of reducing sugars released
when using octylphenyl and nonyphenylethers. Ooshima et al.
[13] increased the conversion of pure cellulose (Avicel) by 35%
using Tween 20. In their study, surfactant addition resulted in
an enrichment of endoglucanases in the liquid phase, and thus
they concluded that the surfactant enhances the synergistic action

∗ Corresponding author. Tel.: +36 1 463 2269; fax: +36 1 463 3855.
Email addresses: balint sipos@mkt.bme.hu, siposbalint@gmail.com (B. Sipos).

of endoglucanase and cellobiohydrolase on the surface of cellu
lose.

More recently, the interest has turned from pure cellulose and
papersubstrates to lignocellulosics. It has also been found that
higher conversion could be obtained in the hydrolysis by addition
of surface active agents on substrates containing lignin [10]. An
early report about the effect of surfactant on lignocellulose hydrol
ysis [14] showed that when using Tween, the optimal temperature
of hydrolysis could be increased from 40 to 50 ◦C. Using surfac
tant addition, the conversion of corn stover did not decrease when
lower enzyme loadings were applied. The most important enhanc
ing effect of surfactants on lignocelluloses is based on the fact that
enzymes can adsorb unproductively to the surface of lignin [10].
Surfactants can prevent this kind of inactivation of cellulases. When
BSA was added in the hydrolysis of pretreated corn stover, the 72h
hydrolysis yield was increased by 12% [4]. Loss of filter paper and b
glucosidase enzyme activities were found to be 80% and 95% after
72 h, respectively, while 50% and 30% losses were observed with
addition of BSA, respectively.

Eriksson et al. [6] reported a study in which a number of sur
factants (such as Tween 20, Tween 80, Triton X100, Agrimul and
SDS) were tested for their ability to improve cellulose hydroly
sis. Nonionic surfactants were found to be the most effective.
The addition of Tween 20 was found to be advantageous on the
ethanol production in the case of simultaneous saccharification
and fermentation of steampretreated spruce (SPS) [15]. When the

01410229/$ – see front matter © 2010 Elsevier Inc. All rights reserved.
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structure of the surfactants was further investigated [9], it was
found that the enhancing effect was increased when the ethylene
oxide (EO) chain (hydrophilic tail) of the surfactant was longer.
As the effect was rather dependent of the length of hydrophilic
EO tail [9] instead of the hydrophobic part [5], pure poly(ethylene
oxide) polymer (PEO) and poly(ethylene glycol) (PEG) were also
studied, and were found to increase the hydrolysis of SPS. (PEG
and PEO polymers are chemically similar, with polymers above
20,000 Da molecular weight called PEO and those below 20,000 Da,
PEG.) In a study by Kristensen et al. [8] different nonionic surfac
tants and PEG 6000 were screened in hydrolysis of wheat straw
pretreated with various techniques and PEG was found to be effi
cient in the increase of cellulose conversion and increase the free
endoglucanase concentration after hydrolysis. PEG was further
investigated to find the optimal concentration and chain length
to achieve the maximal enhancement of the hydrolysis of ligno
cellulose. PEG prevented enzyme inactivation effectively at greater
than 2.5 g/l concentration and 4000 Da (n = 91) molecular weight
[9]. Börjesson et al. [10] have found that the adsorption of indi
vidual enzyme components, such as Trichoderma reesei Cel7A (CBH
I) and Cel7B (EG I), on isolated spruce lignin was reduced by the
addition of PEG, and was especially pronounced for Cel7B (EG I).
When the cellobiohydrolase Cel7A (CBH I) and an endoglucanase,
Cel5A (EG II) were compared with regard to their adsorption affin
ity [16], it was observed that endoglucanase was bound to lignin to
a higher degree. This higher binding is probably due to its open
active site as compared to the tunnelshaped active site of cel
lobiohydrolase. However, the importance of the CBM on enzyme
adsorption has also been reported [10]. Adsorption of cellulases
on SPS has been reported to be stronger at higher temperature
[17].

When investigating the effect of PEG addition on the hydroly
sis, lignin should get special attention. Lignin has a negative effect
on the enzymatic hydrolysis of cellulose, and this is especially pro
nounced for softwood [18]. When lignocellulosic biomass is steam
pretreated the lignin melts and dense agglomerations occur in the
cell wall [19]. When PEO polymers were tested for fractionation of
kraft pulps by flocculation [20], the main adsorption sites on lignin
were identified as phenolic lignin residues where protons could
form hydrogen bonds with the ether oxygens of PEO. PEG 4000
was also tested as an additive in water and diluteacid pretreat
ment of corn stover [21]. PEG had little impact on the removal of
lignin during hydrolysis in contrast with Tween 80, while it had
positive effect on the glucan conversion in enzymatic hydrolysis of
the pretreated material.

In this work, the aim was to investigate the effect of PEG on
the enzymatic hydrolysis of SPS, especially with regard to enzyme
adsorption. The adsorption pattern was investigated in a 72h enzy
matic hydrolysis reaction of steampretreated spruce (SPS). The
free FPA and bglucosidase activities were measured in the super
natant of the hydrolysate at different sampling times, and other
cellulase activity assays were performed on the final samples. The
structure of the residual lignin after hydrolysis was investigated by
31P NMR spectroscopy.

2. Materials and methods

2.1. Substrate

Steampretreated spruce (SPS) was kindly donated by Guido Zacchi, Depart
ment of Chemical Engineering, Lund University. Before steam pretreatment, wood
chips were impregnated with 2.5% SO2 (based on moisture content) for 30 min. The
material was treated at 210 ◦C for 5 min. Pretreatment was optimised and has been
further described by Stenberg et al. [22]. Pretreated material was stored at −20 ◦C.
Before hydrolysis, the liquid fraction was removed by filtration, and the solid fraction
was washed with triple quantity of distilled water.

The solid fraction was analysed for carbohydrate and Klason lignin content. It
contained 48.3% glucan, 0.28% arabinan, 0.96% mannan and 50.1% lignin, which is in

accordance with other reports [23]. Determination of the composition is described
below.

2.2. Enzymes

Enzymes were received from Novozymes A/S (Bagsvaerd, Denmark). Celluclast
1.5L had an overall cellulase activity of 88.8 FPU/ml, and bglucosidase activity of
38.6 IU/ml. Novozym 188 had 408 IU/ml bglucosidase activity. Enzyme activities
were determined as described below.

Purification of T. reesei Cel7A (CBH I) and Cel6A (CBH II) was carried out according
to the method described elsewhere [24].

2.3. Enzymatic hydrolysis

Enzymatic hydrolysis was performed at 50 ◦C, pH 4.8 (in 0.05 M sodium acetate
buffer) in 100ml screwcapped bottles at 300 rpm agitation speed using magnetic
stirrers. Experiments were carried out in 50 g batches with a substrate concentration
of 2% dry matter (DM). The low substrate concentration was applied to eliminate
the mass transfer problems. Enzyme loading of Celluclast 1.5L was 20 FPU/g dry
substrate, and bglucosidase was supplemented with Novozym 188 to 20 IU/g dry
substrate. These relatively high enzyme dosages were chosen (i) because usually
softwoods (like the one used in present study) need higher enzyme loading for
efficient cellulose conversion [25]; (ii) in order to recover enzyme activities above
the detection limit. Hydrolysis was also performed with addition of 2.5 g/l PEG with
an average molecular mass of 4000 g/mol (Merck, Hochenbrunn, Germany). Samples
were taken after 5 min and at 3, 6, 24, 48 and 72 h. At each sampling time, three of
the 50 g hydrolysis batches were centrifuged, and the supernatant was analysed
for monomer sugars, enzyme activity (FP and bglucosidase) and protein content.
Degree of cellulose conversion was calculated from the amount of glucose released
during the hydrolysis and expressed as a percentage of the theoretical maximum
based on the glucan content of the pretreated material.

2.4. Preparation of supernatant

Before measuring the residual enzyme activities and protein content in the
hydrolysis supernatant, 15 ml of each sample was concentrated ten times, using
an ultrafiltration device (Vivaspin 4 centrifugal filter unit with 10kDa polysulfone
membrane, Sartorius, Göttingen, Germany) and “washed” with buffer (5 ml, 0.05 M
Naacetate, pH 4.8) to remove sugars and other small molar mass compounds that
interfere with enzyme activity measurements.

2.5. Enzyme activities and protein content

Filter paper activity (FPA) measurements were carried out according to Mandels
et al. [26], with the modification, that an enzyme dilution releasing 1 mg glucose was
used instead of 2 mg. To keep the pH at 4.8, sodium acetate buffer (0.05 M) was used.

bGlucosidase activity was measured according to Berghem and Pettersson
[27] with minor modifications. The substrate was 5 mM 4nitrophenylbd
glucopyranoside (PNPG). A volume of 1 ml preincubated substrate was mixed with
0.1 ml diluted enzyme solution and incubated for 10 min at 50 ◦C. The reaction was
terminated by addition of 2 ml of 1 M Na2CO3 solution and then diluted with 10 ml
distilled water. The amount of the liberated 4nitrophenol was measured at 400 nm
against a blank.

Activity towards 4methylumbelliferylbdlactoside (MULac, Sigma, St. Louis,
MO, USA) was measured either with or without 50 mM cellobiose (Glu2) [28,29].
The activity obtained without cellobiose was considered as the combined activ
ities of Cel7A (CBH I) and Cel7B (EG I) and the one obtained in the presence of
cellobiose as Cel7B (EG I). The Cel7A (CBH I) activity was calculated to be the differ
ence between the activities on MULac and MULac with cellobiose. Activity against
4methylumbelliferylbdcellotrioside (MUGlu3 , Sigma, St. Louis, MO, USA) was
also measured, and regarded as Cel5A (EG II) activity using the same reaction param
eters as for Cel7B. In all cases, bglucosidase was inhibited with 0.1 M glucose when
the activity was assayed against 4methylumbelliferyl derivatives.

The endoglucanase (CMCase) activity towards 1% carboxymethylcellulose
(CMC, Sigma–Aldrich, St. Louis, MO, USA) as a substrate prepared in 0.05 M sodium
acetate buffer (pH 4.8), was measured. One milliliter diluted enzyme was mixed with
0.5 ml substrate and incubated at 50 ◦C for 30 min. The reaction was terminated by
addition of 3 ml 2,4dinitrosalicylic acid reagent. The reducing sugars released were
analysed according to Miller using glucose calibration [30].

Protein content in the hydrolysis supernatant was measured according to Brad
ford [31] using Coomassie Brilliant Blue dye (Coomassie Blue G250, Sigma–Aldrich,
St. Louis, MO, USA) with BSA as a standard.

2.6. Enzyme adsorption

Concentration of free proteins and residual activities was measured in the
hydrolysis supernatant during the 72h hydrolysis. In case of protein content, the
decrease in concentration can be regarded as adsorption. In case of the enzyme
activities, the decrease might also be due to other effects beside adsorption, like
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inactivation, therefore these values are regarded as “free enzymes in solution” or
“recovered enzymes” in the text.

2.7. Analysis

Lignin and carbohydrate content of raw and pretreated materials were analysed
using the NREL protocol [32] with minor modifications. The amount of oven dried
(105 ◦C) sample was 0.5 g and was hydrolysed with 2.5 ml 72% sulphuric acid at room
temperature for 2 h. After the reaction time was reached, this mixture was diluted
with 72.5 ml distilled water and the hydrolysis was continued at 121 ◦C for 60 min.
The samples were filtered and washed with distilled water through G4 glass filter
crucibles. The remaining lignin on the filter was dried at 105 ◦C, weighed and placed
in a furnace at 550 ◦C for 6 h. The Klason lignin content was taken as the ash free
residue after acid hydrolysis.

The monomer sugar concentrations of liquid samples from raw material analysis
and enzymatic hydrolysis were determined with a Shimadzu HPLC system (Shi
madzu, Kyoto, Japan) using an Aminex HPX87H column (BioRad, Hercules, CA,
USA) at 65 ◦C. The eluent, 5 mM H2SO4 was used at a flow rate of 0.5 ml/min. The
concentration of carbohydrates was detected upon their refractive indexes. Before
analysis, all samples were filtered through a 0.2 mm pore size filter to remove solid
particles.

2.8. Gel electrophoresis and gel image analysis

Sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDSPAGE) was
run on 12% Bis–Tris precast gels using NuPAGE Bis–Tris Electrophoresis System
(Invitrogen, Carlsbad, CA, USA). The gel was stained using Colloidal Coomassie Stain
[33]. For the quantitative analysis of the hydrolysis supernatant samples, the gel was
scanned and the picture was analysed with AlphaEaseFCTM software (Alpha Innotech
Corporation, San Leonardo, CA, USA). The percentage of the individual protein bands
in SDSPAGE contributing to the total density was calculated from the integrated
area of the peaks. The average of three parallel runs of each hydrolysis supernatant
sample, where the amount of total protein loaded varied between 1 and 4 mg, was
used for calculations.

2.9. Determination of lignin structure

Quantitative 31P NMR has previously been found to be suitable for the deter
mination of lignin structure [34,35] as the technique provides quantitative and
selective information of labile protons on hydroxyl groups with different chemical
surroundings, which can be easily substituted with a phosphitilating agent marked
with a 31P isotope to be eliminated.

Milled spruce and solid hydrolysis residues were prepared as previously
described by Crestini and Argyropoulos [36]. Thirty milligrams of dry lignin was
accurately weighed and was dissolved in a solvent mixture composed of pyri
dine and deuterated chloroform, 1.6:1 (v/v) ratio (0.4 ml). The derivatisation agent,
2chloro4,4,5,5tetramethyl1,3,2dioxaphospholane (Aldrich, 0.1 ml), the inter
nal standard (Nhydroxynaphthalimide) and the relaxation reagent (chromium(III)
acetylacetonate) solution (0.1 ml), were added. Quantitative 31P NMR spectra were
obtained on a Bruker 300 NMR spectrometer by using previously described meth
ods [37,38]. The 31P NMR data reported are averages of three phosphitylation
experiments followed by quantitative 31P NMR acquisition. The maximum standard
deviation of the reported data was 2 × 10−2 mmol/g, while the maximum standard
error was 1 × 10−2 mmol/g.

3. Results and discussion

3.1. Cellulose conversion

The effect of PEG on enzymatic hydrolysis of SPS was inves
tigated at 50 ◦C and 2% DM substrate concentration. The average
hydrolysis rate in the presence of PEG was significantly higher com
pared to the experiment without PEG (Table 1). The main difference
in the hydrolysis rates was observed during the first 3 h, and the
amount of glucose released was nearly twofold higher when PEG
was present than when it was not (2.30 and 1.36 mg/ml/h, respec
tively). Between the 3rd and the 6th hour, the hydrolysis rates
were similar (0.30 and 0.33 g/l/h). The hydrolysis rates decreased
rapidly after 6 h in both cases, and no significant additional glu
cose release occurred. In both experiments, the final conversion
(Fig. 1) was reached after 48 h, with 80.7% and 95.4% conversion
values without PEG addition and in the presence of 2.5 g/l PEG,
respectively. Thus, addition of the ethylene glycol polymer resulted
in 18% increase in glucan conversion. The 85% conversion in the
presence of PEG, obtained after 6 h, corresponds to 1.52 g/l/h pro

Fig. 1. Enzymatic conversion of SPS with and without addition of 2.5 g/l PEG 4000.
SPS (2% DM) was hydrolysed at pH 4.8, 50 ◦C using 20 FPU/g DM Celluclast 1.5L,
supplemented with Novozym 188 to 20 IU/g DM. Experiments were performed in
triplicate, and the mean values and standard deviations are presented.

ductivity. The extent of cellulose breakdown obtained at 2% DM
SPS concentration was significantly higher compared to previous
results [10] where a higher SPS concentration (5% DM) but a lower
cellulase dosage (14 FPU/g dry substrate cellulase and 28 IU/g dry
substrate bglucosidase) was used. The gain in glucose yield is prob
ably because of the lower dry matter content and more efficient
mixing.

3.2. Free protein and enzyme activities in solution

Free protein concentration and enzyme activities were mea
sured in the supernatant of the hydrolysates. As most of the
differences occurred during the first 24 h of the hydrolysis, changes
in protein concentration and enzyme activities are presented in
that period. Final concentrations together with a series of enzyme
activities are discussed in a following section.

The decrease of protein content can be regarded as a reliable
measure of adsorption, rather than enzyme activities that may be
affected by any kinds of inactivation. Fig. 2 shows the change of the
free protein concentration in the supernatant during the first 24 h.
In hydrolysis of SPS, the protein concentration decreased rapidly
from 0.13 to 0.02 mg/ml, while in the case of PEG addition, the
protein concentration was 0.03 mg/ml after 3 h. From the 3–24h
period, in case of PEG addition, higher free protein concentration

Fig. 2. Free protein concentration in the supernatant during the first 24h hydrolysis
of SPS. Hydrolysis was performed at 2% DM, pH 4.8, and 50 ◦C using 20 FPU/g DM
Celluclast 1.5L, supplemented with Novozym 188 to 20 IU/g DM. The mean values
of triplicates and standard deviations are presented.
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Table 1

Average hydrolysis rates (liberated sugar between two sampling times) in g/l/h. SPS (2% DM) was hydrolysed at pH 4.8 at 50 ◦C using 20 FPU/g DM Celluclast 1.5L, supplemented
with Novozym 188 to 20 IU/g DM. 2.5 g/l PEG 4000 was added.

Average hydrolysis rates (g/l/h)

Hydrolysis intervals 0–0.17 h 0.17–3 h 3–6 h 6–24 h 24–48 h 48–72 h

Hydrolysis without PEG 0.91 1.36 0.30 0.07 0.02 0.00
Hydrolysis with PEG 0.90 2.30 0.33 0.03 0.01 0.00

could be observed in contrast to the base case, where the decrease
in protein concentration was continued at a lower rate.

In the case of FPA (Fig. 3A), the activity has dropped from 0.39 to
0.02 FPU/ml (3h hydrolysis) which is a 95% decrease. PEG addition
has resulted in an increase in the recovery of the enzyme activ
ity, 0.15 FPU/ml was measured after 3 h. The highest decrease in FP
activity in the presence of PEG was observed during the first few
hours, which fits well with the observation in protein concentra
tion. This may be due to the cellulase adsorption on cellulose in
the early stage of the hydrolysis, and this part of the enzymes has
been solubilised when cellulose was hydrolysed. This phenomenon
was not observed when PEG was not present, and can be due to
the high amount of ligninbound enzymes, and thus the ratio of
cellulosebound enzymes to ligninbound ones would be rather
low. The productive binding on cellulose reduced after the major
part of cellulose had been hydrolysed, and thus the remaining part
of the adsorbed proteins can be considered to be mostly unproduc
tively bound enzymes. It must be noted, that due to the relatively
high temperature of 50 ◦C, some denaturation may also occur on
SPS in 72 h and enzyme inactivation due to shear force should also

Fig. 3. Free enzyme activities in the hydrolysis supernatant: (A) FPA and (B) b
glucosidase. SPS (2% DM) was hydrolysed at pH 4.8 at 50 ◦C using 20 FPU/g DM
Celluclast 1.5L, supplemented with Novozym 188 to 20 IU/g DM. All experiments
were performed in triplicate, and the mean values and standard deviations are
presented.

be considered. An earlier study [4] showed a similar adsorption
pattern on corn stover by addition of BSA, where the adsorption of
FPA (80%) was significantly decreased (to 50%) by the end of a 72h
hydrolysis.

Decrease of bglucosidase activity in the supernatant (Fig. 3B)
was less pronounced than that of the overall cellulase complex.
It must be noted, that bglucosidases are not strictly cellulolytic
enzymes because they are not active on the solid substrate; they do
not have carbohydrate binding module (CBM), which has already
been presented to be an important factor in enzyme adsorption
on lignin [10]. The equilibrium of the bound enzymes was reached
rapidly, and 52% of the initial activity was observed after 3 h. When
PEG was used, the bglucosidase activity was measured as 71% of
the initial enzyme activity after 3 h. In both cases, a slight decrease
in enzyme activity in the supernatant was observed, which could
be due to other effects than adsorption.

There are contradictious results in the literature about
bglucosidase adsorption. Several papers reported significant
bglucosidase adsorption [4,39], while others observed less adsorp
tion of bglucosidases [40,41], which are more comparable with our
results. This may be explained by the structural and compositional
differences between the substrates used and especially by different
lignin structures of them, but there might be also other important
differences in the experimental setup.

3.3. Free enzyme activities and protein concentration recovered

after 72 h

The free enzyme activities in the solution were monitored
by measuring FP (overall cellulase), bglucosidase, endoglucanase
(CMCase), Cel7A, Cel7B and Cel5A (towards 4methylumbelliferyl
saccharide substrates) activities of the 72h hydrolysate samples.
The decrease of activities in the liquid fractions indicates the
absence of the enzymes, suggesting that they have been adsorbed
or inactivated during the hydrolysis.

Fig. 4 summarises the final protein content, FP, bglucosidase,
and endoglucanase (CMCase) activities in the hydrolysis super
natants after 72h hydrolysis compared to the initial values. The
loaded protein content was 0.126 mg/ml, while at the end of the
hydrolysis, 0.005 and 0.051 mg/ml were measured without and
with PEG addition, respectively. The final FPA activities without and
with PEG were observed to be 0.02 and 0.22 FPU/ml, respectively,
compared the loaded content of 0.39 FPU/ml. The bglucosidase
activity decreased the least of all under both PEG and noPEG con
ditions. After 72 h of hydrolysis without and with PEG, 0.20 and
0.30 IU/ml out of the loaded 0.43 IU/ml activities, were measured
in the supernatant, respectively. The decrease in overall endoglu
canase (CMCase) activity was even more pronounced during the
hydrolysis, with only 0.07 and 0.87 IU/ml measured after 72 h,
which are very low compared to the initial 4.33 IU/ml. Kristensen
et al. [8] have also measured free endoglucanase activity in hydrol
ysis of wheat straw pretreated using different methods and with
dyed CMC substrate. They observed that around 15% of the loaded
endoglucanase activity was in solution and it was increased to
about 25% with addition of surfactants or PEG 6000, which is in
good accordance with our result.
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Fig. 4. Final activities (FPA [FPU/ml], bglucosidase [IU/ml], endoglucanase
(CMCase) [0.1 IU/ml]) and protein content [mg/ml] in the supernatant measured
after 72 h of hydrolysis as compared to the initially loaded. SPS (2% DM) was hydrol
ysed at pH 4.8 at 50 ◦C using 20 FPU/g DM Celluclast 1.5L, supplemented with
Novozym 188 to 20 IU/g DM. All experiments were performed in triplicate, and the
mean values and standard deviations are presented.

As the result of the FP activity assay is heavily affected by the
synergistic action of different enzyme components on the sub
strate, activity assays towards chromogenic derivatives were also
used to investigate the decrease in the residual enzyme activities.
These have previously been reported to be specific for individ
ual enzyme components (using purified enzymes). The activity
obtained in the presence of cellobiose on MULac substrate has gen
erally been considered to be Cel7B (EG I). Cel5A (EG II) was reported
to be the only known cellulase that acts on MUGlu3 [42].

The combined Cel7A and Cel7B, Cel7B and Cel5A activities
were measured in the hydrolysis supernatants obtained after the
72h hydrolysis. The initial activities and those obtained after 72 h
of hydrolysis are presented in Fig. 5. All three showed decreased
activity during the hydrolysis of SPS to a similar extent (Cel7A
6%, Cel7B 4%, and Cel5A 9% of the initial activity were detected).
This observation is in good accordance with the result of the FPA
assay (Figs. 3A and 4) and that of Eriksson et al. [43], where they
found a similar extent of adsorption for purified Cel7A and Cel7B
enzymes on SPS. When PEG was added to the hydrolysis mix
ture, the enzymes were successfully prevented from unproductive
binding, and 73%, 72% and 57% of the initial enzyme activities,

Fig. 5. Final activities (72 h) of Cel7A, Cel7B and Cel5A compared to the initially
loaded activities. SPS (2% DM) was hydrolysed at pH 4.8 at 50 ◦C using 20 FPU/g
DM Celluclast 1.5L, supplemented with Novozym 188 to 20 IU/g DM. All experi
ments were performed in triplicate, and the mean values and standard deviations
are presented.

respectively, were still present in the liquid fraction. The fact,
that enzymes from the same glycosyl hydrolase family (Cel7A
and Cel7B) showed similar decrease in free activities towards
methylumbelliferyl derivatives, may indicate that molecular
properties also play an important role in the adsorption. The
decrease of Cel7B and Cel5A endoglucanase activities (Fig. 5) was
considerably lower than those that were measured on the CMC
substrate (Fig. 4), where 2% and 15% of the loaded activity was
detected without and with PEG, respectively. Comparing these
results, we have to keep in mind that various endoglucanases
hydrolyse the same substrate to a different extent (e.g., on CMC see
Karlsson et al. [44]). Furthermore, there can be a significant differ
ence in the affinities towards different substrates by a given enzyme
component.

The results obtained show that the activity of the supernatants
towards 4methylumbelliferyl substrates decreased during hydrol
ysis of SPS. This effect could be significantly reduced by addition of
PEG showing 55% and 75% of the initially loaded activity remaining
in the liquid phase, and 40% of the total protein content remain
ing in solution (Fig. 4). In a previous study [10], adsorption of
individual enzyme components (Cel7A and Cel7B) at an enzyme
dose of 1 mM on SPS (10 g/l) was tested in short time hydroly
sis (6 h). It was found that both enzymes were highly adsorbed
on SPS (90% and 87%, respectively) but PEG had only a minor
effect on the adsorption of these enzymes (decreased to 87%
and 79%, respectively). The amount of Cel7A is similar order of
magnitude to the amount used in this study for cellobiohydro
lases, but in case of endoglucanases, 1 mM of the Cel7B is one
order of magnitude higher than the amount assumed in Cellu
clast dose applied. They also found that PEG prevented enzyme
adsorption to isolated spruce lignin (60 g/l) and the adsorption
of Cel7A and Cel7B was found to be 49% and 65%, respectively,
while in the presence of PEG, it was decreased to 5% for both
enzymes. The results obtained in our study show that the addi
tion of PEG increases cellulase activity in the liquid fraction of
the hydrolysis mixture, and therefore results in a more complete
degradation of cellulose. This is probably due to the decrease in
unproductive binding of enzymes on the substrate, especially on
lignin.

Since the decrease of enzyme activity may arise not only from
unproductive binding but also from other kinds of inactivation, the
adsorption of the two main cellulases secreted by T. reesei, Cel7A
(CBH I) and Cel6A (CBH II) was analysed with gel electrophoresis,
which is not affected by inactivation (Fig. 6). Adsorption of cel
lobiohydrolases was calculated from the protein concentration of
the enzyme mixture used for hydrolysis (appears on the gel in the
investigated range) and that of samples taken after 72h hydrol
ysis and the percentage of the cellobiohydrolases contributes to
the total protein density of the given lane on the gel. Comparing
the bonding of the sum of the two cellobiohydrolases calculated
from gel image analysis, shows adsorption of 97.5% and 45.7% in the
supernatants without and with PEG, respectively. These adsorption
values are in remarkably good agreement with the experimental
data from the FPA measurements (72 h). However, it should be
noted, that Cel7B (EG I) and other minor proteins which appear
close to CBH enzymes on SDSPAGE gel may interfere with cel
lobiohydrolases.

T. reesei culture broth contains about 80% cellobiohydrolases
among cellulolytic proteins [45] while the amount of endoglu
canases secreted is much lower. Cel7A (CBH I) is produced in the
highest quantity followed by Cel6A (CBH II). Cel7B (EG I) is the most
abundant endoglucanase in T. reesei enzyme preparations, and its
amount is reported to be 6–10% of the cellulases [46]. Cel5A (EG II)
is the second endoglucanase with regards to the quantity secreted
[42,47]. All of the above mentioned cellulases have CBM (in contrast
to Cel12A, EG III).
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Table 2

Functional groups detected and quantified in the hydrolysis residue of SPS. Evaluated by quantitative 31P NMR after phosphylation of the samples.

Milled wood lignin
(mmol/g)

Hydrolysis residue
of SPS (mmol/g)

Hydrolysis residue of SPS with
PEG addition (mmol/g)

Aliphatic OH 4.59 2.57 2.69
Condensed OH 0.30 0.39 0.25
Guaiacyl OH 0.60 0.57 0.50
pHydroxyphenyl OH 0.070 0.067 0.004
Carboxyl group 0.014 0.028 0.004

Fig. 6. SDSPAGE analysis of the commercial enzymes used and hydrolysis super
natant samples taken after 72 h of hydrolysis together with purified T. reesei Cel7A
(CBH I) and Cel6A (CBH II). The samples are as follows: (1) Novozym 188; (2) Cel
luclast 1.5L; (3) purified T. reesei Cel7A and Cel6A; (4) enzyme mixture of Novozym
188 and Celluclast 1.5L used in hydrolysis; (5) hydrolysis supernatant without PEG
and (6) hydrolysis supernatant with PEG. The amount of total protein loaded on the
gels was 2.5 and 2.0 mg for the commercial enzymes; 1.0 mg for the purified Cel7A
and Cel6A; 2.0 mg for enzyme mixture of Novozym 188 and Celluclast 1.5L; 2.1 and
1.4 mg for the hydrolysis supernatant samples. Staining was made with colloidal
Coomassie Blue.

3.4. Lignin structure

Enzymatic hydrolysis of lignocelluloses may not only be a suit
able technology for second generation ethanol processes, but also
lignin in the residue can be further processed and upgraded to
value added products, beside being used as solid biofuel. To utilise
lignin, the carbohydrate should be removed from the solid frac
tion as much as possible and complete hydrolysis of cellulose is an
option to achieve this goal. Because SPS carbohydrate hydrolysis
was found to be efficient in the presence of PEG 4000, the hydroly
sis residue was assessed by 31P NMR and compared to milled wood
lignin isolated from spruce. The lignin isolation method was pre
viously found to be crucial step in lignin analytics [48]. 31P NMR is
an effective tool for lignin analysis and allows quantitative detec
tion of the different classes of phenolic and aliphatic groups and
carboxylic acids present in the polymer.

In Table 2, the amount of different hydroxyl groups present
in milled wood lignin, hydrolysis residue and residue of hydrol
ysis carried out in the presence of PEG are reported. It is known
that cellulases do not affect the lignin structure [48], while it can
be significantly modified by steam treatments [19,49]. Li et al.
have previously characterised steam explosion lignins and found
that the bO4′ linkages disappeared and that there was a slight
increase in the amount of carboxyl groups in alkali extracted
steampretreatment lignins [49] (same pretreatment parameters

and equipment as we used on our substrate). An obvious decrease
in the aliphatic hydroxyl groups due to steam pretreatment was
also observed in our experiments, which is more than likely due
to the disruption of hydroxylated side chain structures. It has
been suggested [19,49] that beside the side chain reactions, partial
depolymerisation and repolymerisation also occur during steam
pretreatment.

Slight differences were observed in the amount of condensed
and guayacyl hydroxyl groups of the hydrolysis residues. The dif
ferences are probably due to the more effective removal of the
cellulose polymer from the solid fraction, and therefore it is possible
that the carbohydrate–lignin structures were disrupted.

4. Conclusions

Experimental results presented in this paper confirm that addi
tion of PEG 4000 to the hydrolysis mixture sufficiently prevents
cellulases from nonproductive binding on SPS. A large decrease in
total protein adsorption and increase of overall soluble cellulolytic
activity was observed when PEG was applied in the enzymatic
hydrolysis. The advantage of this effect could be in enzyme recy
cling, reduction of hydrolysis time or enzyme loading, leading to
a lower enzyme cost of the lignocellulosic ethanol process, as has
been suggested by other papers [50]. The enzyme adsorption and
the effect of PEG were further investigated by various enzyme
assays, which showed that PEG increased the concentration of var
ious enzyme classes in the liquid fraction to a different extent.
SDSPAGE analysis of the hydrolysates confirmed the data achieved
by the enzyme activity measurements of the individual compo
nents.
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Abstract 

One of the most limiting steps in second generation ethanol production is 
enzymatic hydrolysis of pretreated lignocellulosic substrates. The efficiency 
of hydrolysis can be increased by addition of surfactants and polymers, such 
as poly(ethylene glycol) (PEG). The effect of PEG addition on the cellulase 
adsorption was tested on various steam pretreated lignocellulose substrates. 
A positive effect of PEG addition was observed, as protein adsorption has 
decreased and free enzyme activities (FPA, β-glucosidase) have increased 
due to the additive. However, the degree of enhancement had differed among 
the substrates. Results of lignin analyses (pyrolysis-GC/MS, 31P NMR) 
suggest, that the effect of PEG addition is in connection with the amount of 
phenolic hydroxyl groups in lignin present in hydrolysis. We have found, 
that adsorption behavior of β-glucosidase is dependent on the enzyme 
source, ie. Trichoderma β-glucosidase showed higher affinity for adsorption 
than Aspergillus originating enzymes.  
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1. Introduction 

Production of ethanol and other low-price commodity products from 
lignocellulosic biomass has great interest nowadays [1]. One of the major 
limitations of the second generation (cellulosic) ethanol production is the 
hydrolysis step [2], where fermentable sugars are released from biomass 
using enzymes. This process step has to be further improved before 
commercialisation of the process. There are several approaches to increase 
the efficiency and decrease the costs of cellulose hydrolysis, i.e. better 
pretreatment techniques [3, 4], optimising cellulase enzyme complex 
composition [5], genetic modification of cellulolytic microorganisms [6] and 
tailoring enzymes for better performance or addition of proteins, surface 
active additives (also called surfactants) and other chemicals to enhance 
cellulose conversion. 

Surfactants have already been recognised as advantageous additives in 
cellulase production [7, 8] in the late sixties by increasing the cell wall 
permeability and releasing cell-wall bound enzymes to the liquid phase. It 
was later found [9], that surfactants prevent cellulases from surface 
inactivation. In the past three decades, numerous studies have investigated 
the effect of surfactants and other additives on hydrolysis of cellulosic and 
lignocellulosic substrates (reviewed in Table 1). The cellulose conversion 
has significantly increased due to the additives and the adsorption of 
cellulases has obviously decreased. It should be noted, that the effect was 
more pronounced in case of substrates containing lignin, than on substrates 
containing cellulose alone.  

Several surfactants have been screened for their ability to increase cellulase 
production [8, 9] and enhance cellulose conversion [15, 17, 20, 24, 25]. Non-
ionic surfactants were found to be the best ones. When surfactants and 
polymers with various amount of ethylene oxide (EO) content were 
compared in enzymatic hydrolysis of steam pretreated spruce, increasing 
conversion was obtained with longer EO chains on the non-ionic surfactants. 
Similar results were obtained by using only the hydrophilic part of the 
surfactant, the poly(ethylene glycol) (PEG) [25], which suggests, that the 
hydrophobic part of surfactant is not solely responsible for the positive 
effect, but interactions between EO and the substrate are dominating. The 
experiments with PEG, which is an amphiphilic EO polymer with a molar 
mass less than 20 kDa, showed, that it increases the conversion of steam 
pretreated spruce, especially at elevated temperatures [15, 25] and has been 
shown to reduce enzyme adsorption on the surface of the lignin [15]. 
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The role of lignin in the enzymatic cellulose breakdown has been verified by 
several authors. Sewalt et al. [27] has found 14-60% decrease in cellulose 
conversion caused by addition of lignin preparations to the hydrolysis. 
Boussaid and Saddler [10] have observed, that cellulases were inactivated to 
a higher extend during hydrolysis of lignocelluloses (Douglas fir pulps) than 
during breakdown of microcrystalline cellulose substrate (Avicel). Lu et al. 
[11] have reported similar results using steam pretreated Douglas fir 
substrate. Eriksson and co-workers [24] have proposed a mechanism about 
the role of lignin in the enzyme adsorption: the surfactants prevent non-
specific binding of enzyme to the hydrophobic lignin on the surface of the 
lignocellulose substrate. Enzymes could bind unproductively to the lignin 
surface; therefore the amount of active enzymes and thus the hydrolysis rate 
are decreased.  

Adsorption of cellulases during hydrolysis has already been tested on various 
substrates [10, 11, 22], and the decrease of adsorption in the presence of 
additives has also been demonstrated [13, 15, 20, 24-26]. It was found, that 
enzymes adsorb on the substrates to different extent. Enzymes can adsorb on 
lignocelluloses productively (on cellulose) and unproductively (on lignin). In 
the initial phase of the hydrolysis, when significant amount of cellulose is 
present both phenomena can be observed, but later, when cellulose is broken 
down into soluble sugars, the decrease of enzyme activity is rather dependent 
on the unproductive binding of the enzymes, therefore more significant 
decrease of the enzyme activity can be observed in the first hours of 
hydrolysis, than later [10, 11, 22, 26, 28]. Surfactants [18, 19, 20, 24], BSA 
[13] and PEG [15, 25, 26] was found to be effective in the reduction of 
unproductive binding and the adsorption affinity of various enzymes were 
found to be different. According to Börjesson et al. the cellulose binding 
module has an important role in the unproductive binding of the enzymes 
[15].  

As the adsorption behaviour of the enzymes on various substrates was 
different, obvious to explain these differences with the lignin structure. 
Sewalt et al. [27] have studied the inhibiting effect of different lignin 
preparations on cellulose degradation, and have found, that unmodified 
lignins were more detrimental than hydroxypropylated lignins, and 
organosolv lignins than by steam explosion lignins. Berlin et al. [29] have 
observed that the lignin isolation method had an impact on the inhibitory 
effect on cellulases, when different lignin preparations were isolated from 
the same source.  

The impact of reducing the unproductive enzyme binding is not only the 
enhancement of cellulose breakdown by increasing the conversion and 



decreasing the process time, but also open up the possibility for an enzyme 
recycling by using the supernatant in an ongoing hydrolysis [22] or by 
ultrafiltration [30] which could further improve the process economy. 

The aim of present study was to test the enzyme adsorption in enzymatic 
hydrolysis of various steam preteated lignocelluloses (spruce, willow, hemp, 
corn stover, wheat straw, sweet sorghum bagasse) and its prevention by PEG 
addition. As significant differences were observed among the substrates 
enzyme binding capacities, the structure of the steam pretreatment lignins 
has been analysed. 

2. Materials and Methods 

2.1. Substrates 

Six steam pretreated substrates were used in the hydrolysis experiments; spruce, 
willow, wheat straw, hemp, sweet sorghum bagasse and corn stover. Steam 
pretreatments were performed at Department of Chemical Engineering, Lund 
University (Lund, Sweden) and ENEA, Italy (corn stover). Pretreatment conditions 
are summarised in Table 2. The substrates were washed with triple amount of warm 
(~60°C) distilled water to remove the majority of the soluble compounds. 

Table 2  Steam pretreatment conditions 

Raw material 
Reactor 

type 
Impregnation Temp 

Residen
ce time 

Ref 

spruce (SPS) batch 2.5% SO2 210°C 5 min [31] 
willow (SPW) batch 2% SO2 190°C 12 min [32] 
wheat straw 
(SPWS) 

batch 0.2% H2SO4 190°C 10 min [33] 

hemp (SPH) batch 2% SO2 205°C 5 min [34] 
sweet sorghum 
bagasse (SPSSB) 

batch 2% SO2 190°C 10 min [35] 

corn stover 
(SPCS) 

flow-
through 

- 210°C 5 min - 

 

2.2. Enzymes and chemicals 

Enzymes were received from Novozymes A/S (Bagsværd, Denmark). Celluclast 
1.5L had an overall cellulase activity of 88.8 FPU/ml, and β-glucosidase activity of 
38.6 IU/ml. Novozym 188 had 408 IU/ml β-glucosidase activity. Poly(ethylene 
glycol) (PEG) with an average molar mass of 4000 Da was obtained from Merck 
(Hohenbrun, Germany). 

 

 



2.3. Enzyme activity assays 

Filter Paper Activity (FPA) measurement was carried out according to Mandels et 
al. [36], with the modification, that an enzyme dilution releasing 1 mg glucose was 
used instead of 2 mg. To keep the pH at 4.8, sodium acetate buffer (0.05 M) was 
used. β-glucosidase activity was measured according to Berghem and Petterson [37] 
with some modification. The substrate was 5 mM 4-nitrophenyl-β-D-
glucopyranoside (pNPG). One ml pre-incubated substrate was mixed with 0.1 ml 
diluted enzyme solution and incubated for 10 minutes at 50˚C. The reaction was 
terminated by addition of 2 ml of 1 M Na2CO3 solution and then diluted with 10 ml 
distilled water. The amount of the liberated 4-nitrophenol was measured at 400 nm 
against blank. Total protein content in the hydrolysis supernatant was measured 
according to Bradford [38] using Coomassie Brilliant Blue dye (Coomassie Blue 
G250, Sigma-Aldrich, St. Louis, MO, USA) with BSA as a standard. 
 
2.4. Enzymatic hydrolysis 

Hydrolysis experiments were performed in 100 ml screw-cap bottles using 2% dry 
matter (DM) substrate concentration and 50 ml reaction volume. Enzyme loading 
was 20 FPU/g DM Celluclast 1.5L and 40 IU/g DM Novozym 188. pH was 
maintained at 4.8 by sodium acetate buffer. Hydrolysis experiments were performed 
at 50°C in water bath using magnetic stirrers at 250 rpm. Hydrolysis of SPS was 
also performed without β-glucosidase supplementation (indicated as SPS (Cel)), 
while when both Celluclast and Novozym were used SPS (Cel+Nov) was the 
notation). Hydrolyses were performed in parallel with and without addition of 2.5 
g/l PEG 4000. 
 
2.5. Adsorption experiments 

Adsorption of the enzymes was calculated at the end of 72-hour hydrolysis by 
measuring the residual enzyme activities (FPA and β-glucosidase) and total protein 
content in the hydrolysis supernatant. Prior to analysis, 15 ml of each sample was 
concentrated, using an ultrafiltration device (Vivaspin 4 centrifugal filter unit with 
10-kDa polysulfone membrane, Sartorius, Göttingen, Germany) and “washed” with 
buffer (5 ml, 0.05 M Na-acetate, pH 4.8) to remove sugars and other small molar 
mass compounds that interfere with enzyme activity measurements. 
 
2.6. Compositional analysis 

Lignin and carbohydrate content of raw and pretreated materials were analyzed 
using NREL protocol [39] with some modification. The amount of oven dried 
(105°C) sample was 0.5 g that was hydrolyzed with 2.5 ml 72% sulfuric acid at 
room temperature for 2 hours. After the reaction time was reached, this mixture was 
diluted with 72.5 ml distilled water and the hydrolysis was continued at 121°C for 
60 min. The samples were filtered and washed with distilled water through G4 glass 
filter crucibles. The remaining lignin on the filter was dried at 105°C, weighted and 



placed in furnace at 550°C for 6 hours. The Klason lignin content was taken as the 
ash free residue after acid hydrolysis. 
 
2.7. Pyrolysis gas chromathography/mass spectroscopy (Py-GC/MS) 

Approximately 0.6 g samples were pyrolyzed at 600°C for 20 s in helium 
atmosphere using a Pyroprobe 2000 pyrolyzer interfaced to an Agilent 6890A/5973 
gas chromatograph/mass spectrometer. The pyrolysis products were separated on an 
HP-5MS capillary column (30 m x 0.25 mm, 0.25 µm film thicknesses). The GC 
oven was programmed to hold at 40°C for 2 min and then increase the temperature 
to 300°C (hold 5 min) at a rate of 6°C/min. The mass spectrometer was operated in 
the electron impact mode at 70 eV electron energy. The mass range m/z 14-500 was 
scanned by the mass spectrometer. 
 
2.8. 31

P-NMR 

Steam pretreated samples were prepared as previously described [40]. Samples of 
lignin (30mg) accurately weighed, were dissolved in a solvent mixture composed of 
pyridine and deuterated chloroform, 1.6:1 v/v ratio (0.4 ml). The derivatisation 
agent, 2-chloro-4,4,5,5-tetramethyl-1,3,2-dioxaphospholane (Aldrich, 0.1 ml), the 
internal standard (N-hydroxynaphthalimide) and the relaxation reagent 
(chromium(III) acetylacetonate) solution (0.1 ml), were then added. Quantitative 
31P NMR spectra were obtained on a Bruker 300 NMR spectrometer by using 
previously described methods [41, 42]. To improve resolution, a total of 256 scans 
were acquired. The 31P NMR data reported are averages of three phosphitylation 
experiments followed by quantitative 31P NMR acquisition. The maximum standard 
deviation of the reported data was 2·10-2 mmol/g, while the maximum standard 
error was 1·10-2 mmol/g. 
 
2.9. HPLC 

Liquid samples from raw material analysis and enzymatic hydrolysis upon their 
monomer sugar concentrations were determined with a Shimadzu HPLC system 
(Shimadzu, Kyoto, Japan) using an Aminex HPX-87H column (Bio-Rad, Hercules, 
CA, USA) at 65°C. The eluent, 5 mM H2SO4 was used at a flow rate of 0.5 ml/min. 
Concentration of carbohydrates was detected upon their refractive index. All 
samples were filtered through a 0.2 µm pore size filter before analysis to remove 
solid particles. 
 
2.10. Statistical analysis 

Statistical evaluation of the results obtained was performed using Statistica 
9.0 software (Statsoft Inc., Tulsa, OK, USA). 

 



3. Results 

3.1 Composition of various steam pretreated substrates 

The compositions of the different steam pretreated lignocellulose substrates 
showed large variations, especially regarding their residual hemicellulose 
and lignin content (Table 3). Substrates from perennial plants had lower 
lignin content, with wheat straw as an exception, while woody materials and 
wheat straw had remarkably higher lignin content. The amount of 
hemicellulose present in the substrate may give information about the 
severity of the pretreatment, as the more severe the pretreatment is, the better 
the hemicellulose solubilisation in acid catalysed steam pretreatment.  

Table 3  Composition of steam pretreated substrates. Mean values of 
triplicate measurements and standard deviations are presented.  

Cellulose Hemicellulose Lignin 

SPS 62.20±0.17 3.23±0.03 33.57±1.13 

SPSSB 58.31±0.67 13.73±0.35 19.52±0.27 

SPCS 48.24±0.59 15.24±0.23 20.33±0.27 

SPH 65.24±0.83 7.99±0.06 24.68±0.20 

SPW 60.11±2.46 4.36±0.18 30.54±0.29 

SPWS 55.66±0.90 2.54±0.07 44.38±0.20 

3.2 Effect of PEG addition on cellulose conversion 

Besides the evaluation of the PEG effect on the cellulose conversion of 
various steam pretreated lignocellulosic substrates, the main focus of these 
experiments was the investigation of enzyme adsorption, therefore low 
substrate concentration and relatively high enzyme loading was applied. The 
cellulose conversions (72 hours) achieved in hydrolysis experiments are 
shown on Figure 1. Significant increase due to PEG addition was observed in 
case of SPW (p=0.022), SPH (p=0.032) and SPS (Cel) (p=0.002), while 
there was absolutely no effect of PEG addition in case of SPCS (p=0.228), 
SPWS (p=0.860) and SPSSB (p=0.120). The increase in case of SPS 
(Cell+Nov) was rather pronounced (p=0.135), but the statistical evaluation 
showed no significance due to the high standard deviation of the without 
PEG case.  

 



Figure 1 Cellulose conversion in enzymatic hydrolysis (72 hours) of steam 
pretreated substrates.  
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3.3 Protein adsorption during hydrolysis 

Protein concentrations were measured in the 72-h hydrolysis supernatants are 
presented on Figure 2. 0.083 and 0.136 mg/ml protein was initially loaded 
for the one-enzyme (Cel) and the two-enzyme (Cel+Nov) system, 
respectively. Significant increase in protein concentration in the hydrolysis 
supernatant in case of SPS (Cel+Nov) (p=0.0002), SPS (Cel) (p=0.0002), 
SPH (p=0.002), SPW (p=0.00005) and SPWS (p=0.002) was observed. For 
SPCS the difference between the’ with PEG’ and ‘without PEG’ cases was 
not significant (p=0.156), while for SPSSB a significant (p=0.002) but 
reversal trend was observed. The most pronounced increase in protein 
concentration due to PEG addition was observed for SPS substrate (both SPS 
(Cel) and SPS (Cel+Nov)). The decrease in protein concentration can be 
regarded as adsorption. 
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3.3 Protein adsorption during hydrolysis 

Protein concentrations were measured in the 72-h hydrolysis supernatants are 
presented on Figure 2. 0.083 and 0.136 mg/ml protein was initially loaded 
for the one-enzyme (Cel) and the two-enzyme (Cel+Nov) system, 
respectively. Significant increase in protein concentration in the hydrolysis 
supernatant in case of SPS (Cel+Nov) (p=0.0002), SPS (Cel) (p=0.0002), 
SPH (p=0.002), SPW (p=0.00005) and SPWS (p=0.002) was observed. For 
SPCS the difference between the’ with PEG’ and ‘without PEG’ cases was 
not significant (p=0.156), while for SPSSB a significant (p=0.002) but 
reversal trend was observed. The most pronounced increase in protein 
concentration due to PEG addition was observed for SPS substrate (both SPS 
(Cel) and SPS (Cel+Nov)). The decrease in protein concentration can be 
regarded as adsorption. 



Figure 3 FPA (A) and β-glucosidase (B) activities in the hydrolysis 
supernatants. The ratio compared to the originally loaded is indicated in the top of 
each column. E: enzyme blank. For SPS Cel: only Celluclast 1.5L loaded, Cel+Nov: 
Celluclast supplemented with Novozym 188. For all other substrates, the two-
enzyme system was applied. 
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For β-glucosidase, the decrease of enzyme activity and the difference 
between the ‘without PEG’ and the ‘with PEG’ cases were less pronounced 
when both Celluclast1.5L and Novozym 188 was used. The positive effect of 
PEG addition on the free β-glucosidase activity was significant for SPS 
(Cel+Nov) (p=7·10-4), SPS (Cel) (p=10-5), SPW (p=0.017) and SPH 
(p=4·10-5), while the increase has not reached the level of significance with 
SPCS (p=0.063). Reversal effect of PEG addition on free β-glucosidase 
activity in case of SPSSB (p=4·10-5) and SPWS (p=0.117) could be noticed.  

3.5 Pyrolysis GC/MS analysis of steam pretreated substrates 

The steam pretreated substrates were analysed for the characteristics of the 
lignin’s structure by Py-GC/MS. When the pyrolysis parameters are set 
carefully, mostly ether bonds between the monomeric units are disrupted 
during pyrolysis and monomeric lignin products are released. However, 
other chemical bonds are also affected; mainly the aliphatic side chains are 
cleaved. SPS, the substrate with the highest affinity for adsorbing enzymes 
has differed regarding the ratio of pyrolysis products compared to the other 
substrates. It released the highest yield of dihydroxybenzenes, although the 
original spruce lignin contains mostly 2-methoxyphenol segments. This can 
be explained by the demethylation of the methoxy-groups during the steam 
pretreatment. Relatively high pyrolysis products with carbonyl groups on the 
alkyl side chain were also produced from SPS together with SPW and SPH. 
On the other hand, small amount of alkenyl phenols and H-lignins (no 
methoxyl substitutions) are formed from the wood samples (SPS and SPW) 
and these products are more abundant from the other plant samples. 

Table 4  Ratio of lignin derived pyrolysis products for various substrates. 
The phenolic compounds were measured by Py-GC/MS. 

Carbonyl 
compounds 

Dihydroxy-benzene 
compounds 

Vinyl 
compounds 

Alkenyl 
compounds 

H-lignin 

pyrolysis products (%) 

SPS 
0.154 0.273 0.100 0.158 0.152 

SPSSB 
0.065 0.022 0.388 0.467 0.360 

SPCS 
0.052 0.034 0.441 0.506 0.510 

SPH 
0.173 0.030 0.288 0.430 0.151 

SPW 
0.171 0.123 0.168 0.225 0.159 

SPWS 
0.124 0.110 0.225 0.283 0.200 

 



3.6 Quantification of hydroxyl groups and labile protons in lignin using 
31

P NMR 

The steam pretreated substrates and hydrolysis residues have been subjected 
to 31P NMR in order to accurately quantify the hydroxyl content of the 
lignins. This technique provides quantitative and selective information of 
labile protons on hydroxyl groups on lignin with different chemical 
surroundings [43, 44], which can be easily substituted with a phosphitilating 
agent marked with a 31P isotope to be eliminated. The amounts of various 
hydroxyl groups concerning on the mass of the sample are shown in Table 5. 
As steam pretreated samples contained significant amount of cellulose and 
some hemicellulose beside lignin, a factor was calculated from the 
carbohydrate conversions for the hydrolysis residue samples. Multiplying the 
results obtained by NMR shows the quantity of various hydroxyl groups 
present in hydrolysis mixture. The amount of aliphatic hydroxyl groups 
showed large variation, while most of the substrates contained between 1 and 
2 mmol/ g of this functional group, SPWS and SPCS contained significantly 
higher and lower amount, respectively. This is probably connected with the 
pretreatment conditions; for most of the substrates sulphur-dioxide catalyst 
was used during pretreatment, while for wheat straw, it was sulphuric acid. 
In pretreatment of corn stover, no catalysit was added. The decrease of 
aliphatic hydroxyl groups is due to side chain oxidation. For condensed 
hydroxyl groups, which mostly formed by oxidative coupling, SPWS and 
SPW contained significantly higher amount compared to the other substrates. 
In the case of guaiacylic hydroxyl groups, two groups can be set up among 
the substrates; SPS, SPW and SPWS contained significantly higher amount 
of this functional group compared to SPCS, SPSSB and SPH. 



Table 5  Functional groups detected and quantified in the original steam 
pretreated substrates, and in the hydrolysis residues, evaluated by quantitative 
31

P NMR after phosphylation of the samples. SP: Steam pretreated material, HR: 
Hydrolysis residue, HR+PEG: hydrolysis with PEG residue 

 
Relative 
quantity in 
hydrolysis

1
 

Aliphatic 
OH Condensed  Guaiacylic 

p OH 
phenil Carboxylic 

 mmol / g solid 

SPS 
SP 1.000 1.760 0.086 0.116 0.003 0.079 

HR 0.482 2.173 0.296 0.258 0.072 0.195 

HR+PEG 0.453 2.584 0.462 0.417 0.143 0.173 

SPSSB 

SP 1.000 1.264 0.103 0.066 0.058 0.117 

HR 0.471 2.626 0.274 0.149 0.184 0.243 

HR+PEG 0.454 2.753 0.218 0.107 0.134 0.219 

SPWS 

SP 1.000 3.050 0.421 0.173 0.113 0.127 

HR 0.371 3.931 0.473 0.274 0.187 0.234 

HR+PEG 0.373 2.748 0.465 0.277 0.176 0.222 

SPCS 
SP 1.000 0.516 0.078 0.042 0.055 0.083 

HR 0.498 1.689 0.124 0.053 0.081 0.114 

HR+PEG 0.518 2.949 0.384 0.198 0.172 0.329 

SPH 

SP 1.000 1.130 0.132 0.072 0.028 0.098 

HR 0.381 4.350 0.280 0.122 0.071 0.251 

HR+PEG 0.356 4.339 0.290 0.145 0.079 0.162 

SPW 
SP 1.000 1.957 0.428 0.158 0.079 0.194 

HR 0.371 2.925 0.493 0.162 0.068 0.133 

HR+PEG 0.341 3.258 0.731 0.257 0.127 0.180 
1Calculated from the carbohydrate conversions 

 

4. Discussion 

4.1 The effect of PEG addition on lignocellulose conversion 

The positive effect of addition of surfactants [18, 14, 17, 20, 23, 24], 
polymers [15, 25, 26] and proteins [13] on the enzymatic conversion of 
pretreated lignocelluloses has already been reported to various extent. The 
degree of the conversion enhancement depends on several parameters, like 
the nature of the substrate [20, 45], temperature [15] or enzyme loading [21, 
22]. In our experiments, the conversion increasing effect of PEG was not 
pronounced, as relatively high enzyme loading was applied due to the 
planned adsorption measurements and low (2% DM) substrate concentration 
due to mass transfer considerations. The different degree of conversions 
among various substrates is probably determined by the recalcitrance of the 
substrate or the pretreatment efficiency. When SPS was hydrolysed using the 



one-enzyme and the two-enzyme systems, we have found, that addition of 
either PEG 4000 or Novozym 188 (β-glucosidase supplementation) resulted 
the same order of magnitude increase in cellulose conversion (66% for SPS 
(Cel), 85% for SPS (Cel) + PEG, 88% for SPS (Cel+Nov)), therefore in the 
view of cellulose conversion, the choice of β-glucosidase supplementation or 
PEG addition should be an economical decision in case of this substrate. The 
combination of PEG and Novozym 188 has resulted 93% conversion (SPS 
(Cel+Nov) + PEG).  

4.2 Unproductive binding of cellulases during hydrolysis and its 

prevention with PEG addition 

Free enzyme activities tend to decrease during enzymatic hydrolysis [11, 26, 
28]. This decrease comes from (1) the productive binding of cellulases and 
occurs in the early stage of hydrolysis, when cellulose is still present [11, 26, 
28], and (2) from the unproductive binding of cellulases on the substrate, 
especially on lignin [15, 24, 25, 26]. We have found that due to PEG 
addition, the protein adsorption has decreased, and the free enzyme 
activities, especially for FPA have increased to different extent using various 
steam-pretreated substrates. The decrease in protein concentration can be 
regarded as adsorption. in contrast to the results achieved with free enzyme 
activity measurements, where other factors, like enzyme inactivation or 
synergistic effects may also occur. The effect of PEG addition on free 
protein concentration and free FPA showed a significant correlation 
(r=0.868), suggesting, that the majority of the protein detected was involved 
in cellulose degradation. The establishment that the extent of the effect of 
PEG addition on various substrates is different is in good accordance with 
the observation of Kumar and Wyman [45], who have investigated the effect 
of additives on the hydrolysis of corn stover pretreated using various 
techniques. However, it should be noted, that various pretreatment methods 
modify the structure of the substrate, especially the structure of lignin 
differently. During steam pretreatment, lignin undergoes several structural 
changes, like (1) melting and reprecipitating, resulting dense lignin-
agglomerates [46], (2) degradation and repolymerisation [47], and (3) other 
side-chain reactions [47]. As the decrease in free FPA activity was found at 
different extent with the various steam pretreated substrates, and similar 
(acid catalysed steam pretreatment) treatment was applied for the substrates, 
it can be hypothesized, that the various lignins in the untreated substrates are 
different in structures after steam explosion. These lignin structures tend to 
(1) bind cellulases unproductively and (2) adsorb PEG to a different extent. 
The results show, that the positive effect of PEG addition cannot be 



generalized, as there are substrates, like SPSSB or SPCS, where no positive 
effect could be observed.  

4.3 Role of enzyme source on β-glucosidase adsorption 

There are contradictious results in the literature about β-glucosidase 
adsorption. Several papers reported significant β-glucosidase adsorption on 
lignocelluloses [13, 48], while others observed less binding of β-glucosidases 
[11, 28, 29], which are more comparable with our previous result [26] 
obtained with SPS (Cel+Nov). The main difference in the referred papers 
was the origin of the enzymes used in the hydrolysis/adsorption experiments. 
To clarify this problem, hydrolysis of SPS has also been performed with 
Trichoderma enzymes alone (SPS (Cel)), i.e. without Aspergillus 
β-glucosidase supplementation. Surprisingly, when only T. reesei 
β-glucosidase (Celluclast 1.5L only) was present in the hydrolysis mixture 
almost no free β-glucosidase activity was observed after 72-hour hydrolysis; 
compared to the other case (SPS (Cel+Nov)), where A. niger β-glucosidase 
(Novozym 188) was also present. This drastical decrease in β-glucosidase 
activity has been reflected in the decrease in FPA as well. Addition of PEG 
4000 has increased the free β-glucosidase activity in hydrolysis supernatant 
when only T. reesei enzyme was present, and had less impact on the 
β-glucosidase activity of the Celluclast 1.5L+Novozym 188 mixture. The 
difference in the adsorption behaviour of β-glucosidases from different 
enzyme sources may be due to their molecular properties. These enzymes 
lack carbohydrate binding modules, which were previously shown to be 
important in unproductive binding of cellulases [15]. Other surface 
properties affecting the enzyme adsorption on lignin, like exposed 
hydrophobic amino-acid side chains or different degree in protein 
glycosylation could also be the reason for this difference. Our results 
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-glucosidase from other 
enzyme sources may be more beneficial. 

4.4 Structures of lignins in various steam pretreated lignocelluloses 

Lignin is a three-dimensional cross-linked polyphenyl structure build up of 
4-hydroxyphenylpropanoids that differ in their degree of methoxylation; (1) 
p -coumaryl alcohol (no methoxyl group) (2) coniferyl alcohol/guaiacyl (one 
methoxyl group in position 3) and (3) sinapyl alcohol/syringyl (two 
methoxyl groups in position 3 and 5) [49]. The linkages (carbon-carbon and 
ether bonds) between the units are mostly formed between the p-hydroxyl 
groups and/or the propyl-side chain substitutions.  



The analysis of pyrolysis products of the various steam pretreated substrates 
has shown, that the thermal degradation of the lignins was different, 
suggesting that the structure of the steam-pretreated lignins were different 
too. The distribution of the phenolic pyrolysis products in case of SPS was 
significantly different compared to the other five substrates, which is in good 
accordance with the results obtained with the amount of unproductively 
bound FPA or protein adsorption. Correlation analysis between the pyrolysis 
products and the positive effect of PEG addition on the free FPA (percent 
increase in free FPA due to PEG addition) has shown a significant 
correlation (r=0.9404) with the ratio of the dihydroxybenzene compounds. 
The presence of dihydroxybenzene compounds among the pyrolysis products 
suggests the presence of free (not methoxylated) phenolic hydroxyl groups in 
the steam-pretreated lignins indicating the removal of methyl groups from 
the methoxyl groups during the pretreatment.  

The higher amount of dihydroxybenzene product in case of spruce is 
probably due to the fact, that softwood lignin mostly built up from guaiacyl 
subunits, while hardwood lignins consist of guaiacyl and syringyl subunits. 
Lignins of grasses and perennial plants are built up from guaiacyl, syringyl 
and p-hydroxybenzyl subunits. 

Quantitative analysis of functional groups of lignins with 31P-NMR has 
shown less variability of the samples. Three kinds of free phenolic hydroxyl 
groups, i.e. guaiacyl (with a methoxylated hydroxyl group in the adjacent 
carbon atom), p-hydroxyphenyl, and condensed hydroxyl groups were 
measured in the samples. The sum of the phenolic hydroxyl groups was 
similar in the substrates, except for SPW and SPWS, which had higher total 
phenolic hydroxyl content. These two substrates together with SPS had 
remarkably higher guaiacyl hydroxyl content. Notably PEG addition was the 
most effective in decreasing protein adsorption in case of these substrates, 
however, SPS was not as exceptional as with the Py/GC/MS analysis. 

5. Conclusion 

Addition of PEG polymer to enzymatic hydrolysis of steam pretreated 
lignocelluloses was found to be beneficial by increasing the free cellulase 
activity in the hydrolysis supernatant. The increased concentration of active 
cellulases can result a quicker and more efficient cellulose conversion, a 
possible decrease in enzyme need or possibility for enzyme recycling.  

Decrease of free β-glucosidase activity was found to be dependent on the 
source of the enzyme. Trichoderma β-glucosidases (in Celluclast 1.5L) tends 
to higher degree of unproductive binding than Aspergillus β-glucosidases (in 



Novozym 188). The results suggest, that supplementation of Trichoderma 

enzymes with β-glucosidases from other microorganism could be more 
beneficial, than increasing β-glucosidase secretion of Trichoderma strains.  

The positive effect of PEG addition was found to be different using the 
various pretreated substrates. The results suggest that the different degree of 
increased free cellulase activity obtained by PEG addition is based on the 
various structures of lignin in the substrates.  
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