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1. Summary 

Increased concern for the energy crisis and the negative impact of fossil fuels to the 
environment has put the pressure on society to look for renewable alternatives 
(biofuels). Lignocellulose biomass is abundantly available and attractive as feedstock, 
but requires harsh thermochemical pretreatment for efficient conversion to biofuels 
such as ethanol and methane. 

One goal of the project was to evaluate if cellulose-rich waste material from paper 
recycling, so called de-inked paper (DIP) sludge, can be used for biofuel production, 
either ethanol or biogas. Analysis by the phenol/sulphuric acid method showed a total 
carbohydrate content of 23% of dry matter. Trials were made to hydrolyse the 
polysaccharides in the DIP material using Accelerase 1000, a commercial 
cellulase/hemicellulase enzyme cocktail, but even after thermochemical pretreatment 
with hot water (autoclave), hydrogen peroxide or phosphoric acid; only 30% of total 
carbohydrates were solubilised at best. The enzymes were inactivated within the first 
hour of hydrolysis and experiments showed that the inhibitors could not be removed 
by washing, but are present in the solid fraction of the DIP material. Biogas was 
produced from DIP with a short lag phase but the yield was rather low. 

Another aim was to evaluate the efficiency of pretreatment of lignocellulose materials 
with supercritical ammonia. After such treatment, straw and hardwood materials were 
readily hydrolysed by enzymes, but not pine sawdust. Ethanol fermentation was done 
with hydrolysates from pretreated oat straw to compare two yeast species, 
Saccharomyces cervisiae and Dekkera bruxellensis. Some toxicity was observed with 
both species during the first day, but after 72 hours they had consumed all glucose and 
produced similar amounts of ethanol. Biogas digestion was performed on oat straw, 
aspen and pine sawdust, untreated or ammonia treated. Very little biogas was 
produced from the pine materials. Supercritical ammonia pretreated materials showed 
no obvious positive effects on the biogas productivities.  

 

 

The project was conducted within the framework of the thematic research programme 
“MicroDrivE - Microbially Derived Energy” at the Faculty of Natural Resources and 
Agricultural Sciences at SLU. Microbial processes are used for biorefinery of plant 
biomass into bioenergy (ethanol and biogas), animal feed, green biotechnical 
products, and biofertilisers for plant nutrient recycling. A holistic view is adopted, for 
optimising energy yield, economy, hygiene and nutrient conservation in each step 
(http://microdrive.slu.se/). 

http://microdrive.slu.se/
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2. Introduction 

The 1st generation of biofuels is primarily produced from food crops such as cereals, 
sugar crops and oil seeds (IEA, 2008a). It cannot achieve the targets for fossil fuel 
substitution, greenhouse gas (GHG) reduction and economic growth due to its own 
limitations: competition with food industry, high production and processing costs, 
accelerating deforestation, negative impact on biodiversity, etc (Sims et al. 2010). The 
2nd generation of biofuels uses mainly low-cost crops, forest residues, wood process 
wastes and organic wastes (IEA, 2008a). 

2.1 Lignocellulosic biomass 

Lignocellulosic biomass includes various agriculture residues (straws, hulls, stems, 
stalks), deciduous and coniferous woods, municipal solid wastes (MSW, paper, 
cardboard, yard trash, wood products), waste from pulp and paper industry and 
herbaceous energy crops (eg. switchgrass, barmudagrass, willow; Wyman, 1994). The 
compositions of lignocellulosic biomasses vary, but the major component is cellulose 
(35-50%), then hemicelluloses (20-35%) and lignin (10-25%). The structures of these 
materials are complex with recalcitrant and heterogeneous characteristics and native 
lignocellulose is resistant to enzymatic hydrolysis (Saha et al. 2004). 

2.1.1 Cellulose 

Cellulose is an organic compound with the formula (C6H10O5)n, a polysaccharide 

consisting of linear chains of several hundred to over ten thousand β (1→4) linked 

D-glucose units (Crawford, 1981). Cellulose is the structural component of the 
primary cell wall of green plants, many forms of algae and of oomycetes (Crawford, 
1981). Cellulose is the most common organic compound on earth. 

2.1.2 Hemicellulose 

Hemicellulose is a collective term for the non-cellulose carbohydrate polymers in 
plant cell walls, and is a hetergoneous mixture of polymers of pentose (xylose, 
arabinose), hexose (mannose, glucose, galactose), and sugar acids (Saha, 2003). 
Unlike cellulose, hemicelluloses are not chemically homogeneous, and the 
compositions vary between species and tissues. Hardwood hemicelluloses contain 
mostly xylans, whereas softwood hemicelluloses contain mostly glucomannans (Saha, 
2003). Hemicellulose has a random, amorphous structure with little strength (Fengel 
& Wegener, 1984). It is easily hydrolyzed by dilute acid or bases as well as many 
different hemicellulase enzymes. 
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2.1.3 Lignin 

Lignin is a complex chemical compound most commonly derived from wood, and an 
integral part of the secondary cell walls of plants and some algae. It has a function to 
protect the woody plants from the microbial degradation. Still, a few organisms such 
as rot fungi and some bacteria are able to attack and degrade the lignin portion of 
plant cell walls (Polvinen et al. 1991). 

2.2 Pretreatment 

The pretreatment of cellulosic material is crucial before enzymatic saccharification. 
The objective of pretreatment is to decrease the crystallinity of cellulose which 
enhances the hydrolysis of cellulose by cellulases. Various pretreatment methods are 
available to fractionate, solubilize, hydrolyze and separate cellulose, hemicelluloses 
and lignin components. The pretreatment methods of lignocellulosic biomass can be 
categorized in three main groups, namely, physical pretreatment, chemical 
pretreatment, biological pretreatment. 

2.2.1 Physical pretreatment 

Physical pretreatment is often called size reduction to reduce biomass physical size. 
e.g. milling, high pressure steaming (Mosier et al. 2005). 

2.2.2 Chemical pretreatment 

Chemical pretreatment is to remove chemical barriers so that the enzymes can access 
to cellulose for microbial destruction. There are lots of options of chemical 
pretreatment, such as concentrated acid, hydrogen peroxide, ammonia fiber explosion, 
supercritical ammonia (SCA) and so forth (Mohammad et al. 2008, Mosier et al. 
2005). 

2.2.2.1 Concentrated acid 

The concentrated acid process for producing sugars and ethanol from lignocellulosic 
biomass has a long history. It can solubilize and remove the hemicelluloses and 
thereby increase the accessibility of cellulose in the enzymatic hydrolysis step (Miller 
& Hester, 2007). Zhang showed a concentrated phosphoric acid method for 
lignocelluloses fractionation (Zhang et al., 2007) which was originally demonstrated 
by Walseth and Wood (Walseth, 1971; Wood, 1971). This method could increase the 
accessibility of celluloses in the enzymatic hydrolysis step. 

2.2.2.2 Hydrogen peroxide 
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The goal of hydrogen peroxide pretreatment is to remove hemicellulose and lignin 
fraction from lignocellulosic material in order to improve the yield in next steps. 
During the hydrogen peroxide pretreatment, electrophilic substitution, displacement 
of side chains, cleavage of alkyl aryl ether linkage or the oxidative cleavages of 
aromatic nuclei are some common reactions (Hon & Shiraishi, 2001). However, this 
process increases the risk of the formation of inhibitors to the ethanol fermentation 
(Hendriks & Zeeman, 2009). 

2.2.2.3 Ammonia fiber explosion 

The ammonia fiber explosion is suitable for agricultural by-products and other 
biomasses with low content of lignin. The primary effect of this pretreatment is the 
delignification and removal of lignin from the lignocellulose and cleavage of 
hemicellulose bonds. The advantage of this process is that it can be performed at low 
temperature due to the catalysis effect of ammonia. However, the cost of ammonia is 
quite high which seems to be the main obstacle of this method in industrial scale. 
(Teymouri et al. 2005) 

2.2.2.4 Supercritical ammonia (SCA) 

A pretreatment technique using ammonia in a supercritical or near-critical fluid state 
was shown to substantially enhance the susceptibility of polysaccharides in 
lignocellulosics to subsequent hydrolysis by Trichoderma reesei cellulase. 
Near-theoretical conversion of cellulose and 70-80 % conversion of hemicellulose to 
sugars from SCA pretreated hardwoods or agricultural byproducts were obtained with 
a small dosage of cellulase (Chou & Scott, 1986). This technique was less effective 
toward softwoods (Chou & Scott, 1986, Igarashi et al. 2007). 

2.3 Enzymatic hydrolysis 

Enzymatic hydrolysis is a process by which enzymes (biological catalysts) are used to 
break down starch or cellulose into sugar. This process is usually carried out by 
specific cellulases and hemicellulases. 

A variety of microorganisms including bacteria and fungi may have the ability to 
degrade the cellulosic biomass to glucose monomers. Bacterial cellulases exist as 
discrete multi-enzyme complexes, called cellulosomes that consist of multiple 
subunits. Cellulolytic enzyme systems from the filamentous fungi, especially 
Trichoderma reesei, contain two exoglucanases or cellobiohydrolases (CBH1 and 
CBH2), at least four endoglucanases (EG1, EG2, EG3, EG5), and one 
beta-glucosidase. These enzymes act synergistically to catalyse the hydrolysis of 
cellulose (Kunar et al. 2008). 

Main factors that influence the enzymatic hydrolysis of cellulose in lignocellulosic 
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feedstocks can be divided in two groups: enzyme-related and substrate-related factors 
(Alvira et al. 2009). Pretreatment of cellulosic material which might decrease the 
crystallinity of cellulose is one of the most important parameters. The majority of 
cellulolytic enzymes show optimum performance on cellulosic substrates at a 
temperature range from 45 � to 55 � and pH 4.5-5.5. The agitation speed depends on 
the type of reaction tank and the viscosity of solid-liquid mixture. 

2.4 Bioethanol production from lignocellulosic hydrolysates 

Biofuel produced from lignocellulosic materials, so-called second generation 
bioethanol shows energetic, economic and environmental advantages in comparison 
to bioethanol from starch or sugar.  
 
Ethanol production from lignocellulosic biomass comprises the following main steps: 
hydrolysis of cellulose and hemicellulose, sugar fermentation, separation of lignin 
residue and, finally, recovery and purifying the ethanol to meet fuel specifications 
(Alvira et al. 2009). 

The organisms of primary interest to industrial operations in fermentation of ethanol 
include Saccharomyces cerevisiae,  Dekkera bruxellensis, S. uvarum, 
Schizosaccharomyces pombe, and Kluyueromyces sp. Yeast, under anaerobic 
conditions, metabolize glucose to ethanol primarily by way of the Embden-Meyerhof 
pathway. In addition to yeast, Zymomonas mobilis and genetically enginerred E. coli, 
have been demonstrated the capacity to produce ethanol in several studies (Swings & 
De Ley, 1977, Gibbs & DeMoss, 1954).  

2.5 Anaerobic digestion 

Anaerobic digestion is the breaking-down of biological material by micro-organisms 
under anaerobic conditions. A number of families of bacteria, working together, 
transform biological material into biogas. Now anaerobic digestion is widely used as a 
renewable energy source to help replace fossil fuels and the nutrient rich digestate can 
be applied to agricultural use as fertilizers. 

The chemical composition of biogas depends on different sources of production, e.g., 
household waste, waste water treatment plants sludge, agriculture waste, etc. The 
biogas is normally composed of 40 - 75% methane, 25 - 55% carbon dioxide, 0 - 5% 
nitrogen, maximum 2% oxygen, less than 1% of hydrogen and ammonia, 50 - 5000 
ppm hydrogen sulfide. 

The process of anaerobic digestion is accomplished through three steps: hydrolysis, 
fermentation and methanogenesis, and the rate limiting step is the hydrolysis of 
particulate organic matter to soluble substances (Kim et al. 2003). The first step which 
is carried out by strict anaerobes such as Bactericides and Clostridia, involves the 
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enzyme mediated transformation of insoluble organic material into soluble materials. 
In the second step, acidogenesis ferments the break-down products to acetic acid, 
hydrogen, carbon dioxide and other simple volatile organic acids. In the last step, 
these compounds are converted into a mixture of methane and carbon dioxide by the 
methanogenic bacteria such as Methanosarcina spp. and Methanothrix spp. or 
Methanobacterium and Methanococcus, etc (Yadvika et al. 2004). 

3. Results 

3.1 Determination of moisture content, total solids and organic matter in the 

cellulose materials 

The de-inked paper sludge, DIP, was provided in dried form looked like fluffy dried 
paper pulp, but with dark grey color. The moisture contents of three samples of the 
dried DIP were analyzed with a Moisture Analyzer XM60 in the soft heating mode. 
The results are summarized in the Table3.1.1 below. 

Table3.1.1 Dry matter (DM) content of three DIP samples as determined with the 
mositure analyser. 

Sample No. Weight (g) Time (min) (heating 

up to 105℃) 

Total time (min) DM (%) 

1 1.996 4.3 60.2 65.01 
2 2.041 4.3 58.8 67.77 
3 2.029 4.3 51.4 65.87 

From the results of the test, the DM content of DIP material is approximately 66.2%. 

This method was also applied to the supercritical ammonia (SCA) pretreated materials, 
oat, Erianthus and Napier grass straw, and sawdust of pine, aspen and willow. The 
data are shown in Table 3.1.2 

A traditional method was also applied to measure the total solids (TS) content of these 
materials and also some un-pretreated materials used in biogas digestion (oat straw, 
pine and aspen sawdust). In this method the material is weighed, dried overninght in 
an oven at 105 °C and then weighed again. The TS contents of the materials are also 
summarized in Table 3.1.2 

By comparing the results from the two different methods, a conclusion might be 
drawn that materials that contain very low amount of moisture do not give accurate 
mositure content values with the Moisture Analyzer XM60 device. 
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For biogas digestion experiments, it is necessary to know the total content of organic 
and digestible compounds in the material. This was done by combustion of the 

organic substances in an oven at 550℃ and then weighing the residual ash. The ash 

content was subtracted from the TS content to give the total organic content, usually 
called volatile solids (VS). The obtained dry matter (DM), total solids (TS), ash and 
volatile solids (VS) contents are summarized in Table 3.1.2. 

Table 3.1.2 Summary of DM, TS, ash and VS contents of the analysed materials 

Material Dry matter (%) Ash content 
(%) 

Total solid 
(%) 

Volatile 
substance (%) 

DIP 66.2 45.4 66.2 20.7 
SCA-oat 98.2 8.3 99.7 91.4 

SCA-pine 97.6 0.3 99.4 99.1 
SCA-aspen 96.8 1.2 97.5 96.3 

SCA-willow 96.4 - - - 
SCA-Erianthus 97.4 - - - 

SCA-Napier 97.5 - - - 
Oat - 7.4 95.3 87.9 
Pine - 0.5 86.2 85.7 

Aspen - 0.9 87.5 86.7 

3.2 Total carbohydrate analysis (Phenol/Sulfuric acid method) 

Glucose standards (1 mM, 0.5 mM, 0.2 mM, 0.1 mM, 0.05 mM, 0.025 mM) were 
made by serial dilution. 0.8 ml glucose solution of each concentration was mixed with 
3.2 ml concentrated sulfuric acid, cooled down in a cold water bath (4-25°C). After 
addition of 50 ul 90% liquid phenol, color was allowed to develop for 30 min. The 
absorbance was measured by spectrophotometer at 480 nm (Table 3.2.1). As seen in 
the standard curve in Fig 3.2.1, the absorbance is linearly proportional to the glucose 
concentration. The 1 mM glucose deviated strongly and was excluded from the 
standard curve. 

Table3.2.1 Glucose standards and Abs480 (raw data) 

Glc(μg) 
3.6 7.2 14.4 28.8 72 144 

Abs480 0.135 0.344 0.488 0.974 2.31 1.634 



y = 0,0316x + 0,0444
R² = 0,9977

0

0,5

1

1,5

2

2,5

0 20 40 60 80

Abs480

Glucose 

Glucose standard curve

(μg)  

Fig. 3.2.1: Glucose standard curve 

DIP material suspension was made by mixing 0.1 g DM of DIP and 100 ml water. 
After the Phenol/Sulfuric acid reaction, absorbance was measured at 480nm. 
(Table3.2.2) 

Table3.2.2 DIP and Abs480 

Sample 1 2 3 4 5 6 
Abs480 0.717 1.038 0.582 0.567 0.788 0.821 

The average Abs was 0.752. According to the glucose standard curve, the total 
carbohydrates of DIP material was 23% based on DM of DIP. This is obviously an 
overestimation since the carbohydrate content can not exceed the total amount of 
organic matter, which was estimated at about 21% according to the VS determination 
(see Table 3.1.2). The analysis indicates that all organic material in DIP is 
carbohydrate. 

The same method was applied to SCA pretreated materials. The results are concluded 
in Table 3.2.3 

Table3.2.3 Total carbohydrates contents of ammonia pretreated materials 

Material Oat Pine Aspen Willow Erianthus Napier 
Carbohydrates 

content (%) 
79.6 87.2 83.0 77.1 129.5 76.4 
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3.3 Enzymatic saccharification 

3.3.1 Enzymatic saccharification on DIP material 

3.3.1.1 Experiment 1 – enzymatic hydrolysis of DIP without pretreatment 

In this first experiment enzymatic saccharification was tried with the DIP material 
directly without any thermochemical pretreatment. Three concentrations of DIP, 5%, 
7.5% and 10% dry matter (DM), were incubated with Accelerase enzyme cocktail at 
concentrations of 0.025, 0.125 and 0.25 ml per g dry matter of DIP, in 50 ml citrate 
buffer, pH 4.5, for 72 hours at 55°C. Samples were taken for analysis of soluble 
sugars by HPAE-PAD, and the results showed that only low concentrations of glucose 
were present after 24 hours, while no sugars were detected after 72 hours (data not 
shown). A probable reason may be that the soluble sugars had been consumed by 
contaminating microroganisms during the incubation. 

3.3.1.2 Experiment 2 – saccharification of DIP after autoclaving 

In order to prevent that the solublised sugars could be consumed by microbial activity 
during the enzymatic saccharification, the DIP material was first sterilised by 
autoclaving at 121°C for 20 min. This can also be considered as an additional 
thermochemical pretreament step. Saccharification was performed with 10% and 15% 
DM of DIP material with 0.25 ml Accelerase enzyme/g DIP DM (the highest enzyme 
loading). Again the saccharifications were done in 50 ml at pH 4.5 and 55 °C. The 
amounts of soluble sugars measured by HPAE-PAD are shown in Figures 3.3.1 and 
3.3.2.  
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10% DM with 0.25 ml/g enzyme

hour

Total sugar 
(mg/L)

  13

Formaterat: Teckensnitt:12 pt

Formaterat:
pt, 

 Indrag: Första raden:  18
Höger:  18 pt 



Fig. 3.3.1: Enzymatic hydrolysis of hot water pretreated DIP (10% DM, 0.25 ml/g enzyme). 
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Fig. 3.3.2: Enzymatic hydrolysis of hot water pretreated DIP (15% DM, 0.25 ml/g enzyme). 

Before the analysis of the figures, one interesting phenomenon worth mentioning was 
that the color of the broth in all the bottles changed to yellow or brown after the 
autoclaving and the pH value went up to around 8. After pH adjustment to 4.5, the 
color changed to red or dark brown. 

 

Fig. 3.3.3: DIP material after autoclave and pH adjustment. 
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Several conclusions can be drawn from the progress curves of saccharification shown 
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in Fig 3.3.1 and Fig 3.3.2: Firstly, the concentration of soluble sugars reached almost 
to their maximum values (2451 mg/L and 5551 mg/L respectively) already after one 
hour and kept steady during the next 2 days, which indicates that the enzymes were 
inactivated by some inhibitors during the saccharification process. 

Secondly, with 10% DM (Fig 3.3.1) the concentration of soluble sugars started to 
decrease after 24 hours and the same trend was seen after 48 hours with 15% DM (Fig 
3.3.2), indicating that microbial contamination may still occur, although later and less 
seriously than in the first experiment.  

The highest amounts of soluble sugars obtained correspond to 3.7% and 8.9% of the 
total dry matter with 10% and 15% DIP, respectively. 

3.3.1.3 Experiment 3 - testing if inhibitors are in the soluble or insoluble fraction 

From the findings in the 2nd experiment the question was raised whether there could 
be a connection between the inhibition of the enzymes and the strong colour 
developed in the solution upon autoclaving, perhaps due to complex formation 
between metal ions and aromatic substances. In order to find out if the inhbitors are 
soluble, and thereby possible to wash away prior to saccharification, the soluble 
fraction was removed by centrifugation after the autoclaving step, and the solid 
material was washed twice with citrate buffer.  

Enzymatic saccharification trials were then performed (in 1 ml) with solid and liquid 
fractions of DIP in different combinations as summarised in Table 3.3.1. One 
combination included solid and liquid fraction of DIP plus EDTA, in order to check if 
metal ions are involved that can be “removed” by complex formation with EDTA. In 
other combinations either the liquid or the solid was mixed with Avicel, a “pure” 
microcrystalline cellulose material that is known to be readily hydrolysed by the 
Accelerase enzymes. 

It was also tested if hydrogen peroxide pretreatment of DIP may enhance the 
enzymatic saccharification, either by chemical neutralisation of inhibitory compounds, 
or by increasing the accessiblity of the cellulose, similar to what has been shown with 
various lignocellulose substrates (Svedberg, 2008). 

The experiment was set up for enzymatic saccharification for 24 h at 55°C, but the 
heating of the incubator turned off for unknown reasons sometimes during the night. 
Therefore, after again setting the temperature at 55°C, the reaction was allowed to 
proceed for another 24 h, giving a total reaction time of 42 h. 
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Table 3.3.1 Results of enzymatic saccharification with different combinations of 
Avicel cellulose and solid (DIP) and liquid fractions of DIP, and of hydrogen peroxide 
treated DIP material. Amounts of soluble sugars were analysed by HPAE-PAD after 
incubation of 10% DM DIP with 0.125 ml Accelerase/g DM, in 1 ml citrate pH 4.5, 
for 42 h at room temp and 55 °C (see Materials and methods).  

Sample (No. and information) Glc 
(mg/L) 

Total sugar 
(mg/L) 

Released sugar 
(based on DM 

%) 
1-3 Liquid + Avicel a) 20106 20534 100 

4-6 Liquid + DIP 3103 3531 3.5 
7-9 DIP + Avicel + Citrate b) 3435 4508 4.5 

10-12 DIP + citrate 2277 2988 3.0 
13-15 Liquid + DIP + EDTA 2343 2954 2.9 

16-18 H2O2 Pretreated DIP + enzyme 
c) 

3883 4389 4.4 

19-21 H2O2 Pretreated DIP without 
enzyme c) 

0 0 0 

a) Samples 1-3 contained 2% Avicel (20 g/L). 
b) Samples 7-9 contained 10% DIP solid fraction + 2 % Avicel = 12 % DM. 
c) DIP material (not autoclaved) pretreated with 2.5% (w/v) H2O2 at pH 11.5 for 24 h 
at 35°C, followed by pH adjustment to 4.5 in citrate buffer. 

An interesting observation was that this time the color of the broth did not change 
after autoclaving. The reasons are not known. 

Some interesting hypotheses can be put forward from the data above. First, the 
average glucose conc. of samples 1-3, with 2% (w/v) Avicel cellulose + liquid fraction 
from DIP, was 20106 mg/L which means that the Avicel cellulose had been 
completely hydrolysed by the enzymes. However, the average glucose conc. of 
samples 7-9, with 2% Avicel and 10% DIP, was only 3435 mg/L. The mix of liquid 
phase of DIP material and Avicel did not affect the activity of the enzyme but the solid 
fraction of DIP material showed a very strong inhibition of the enzymes. 

Secondly, in the samples with EDTA, the conc. of sugar was 2954 mg/L, but the ones 
without EDTA had a higher conc. of 3531 mg/L which indicates that EDTA cannot 
increase the activities of the enzyme but instead show a slight inhibition of the 
enzyme.  

Thirdly, the hydrogen peroxide pretreatment, which has been demonstrated to be an 
efficient pretreatment method with many substrates, showed no obvious effect on DIP 
material. (4.4% sugar released compared to 4.5% of Liquid + DIP). 

Finally, the amount of released soluble sugar was similar (2.9-4.5 %) to that in the 2nd 
experiment (3.7%), although only half of the enzyme concentration was used (0.125 



ml/g DM). 

3.3.1.4 Experiment 4 - fed-batch saccharification and phosphoric acid pretreatment 

Due to the lack of full temperature control in Experiment 3, and inspired by the results, 
new experiments were set up with combinations of DIP-liquid, DIP-solids and Avicel, 
and with H2O2 pretreated DIP. The enzymatic hydrolysis was again done in 1 ml at 
55°C and pH 4.5 using 0.125 ml enzyme/g DM, but soluble sugars were analysed 
after 24, 48 and 72 h (Fig 3.3.4). 

Fed-batch saccharification of DIP-solids was also tried, in which the incubation 
started with enzyme and 1/5th of the DIP-solids, whereafter a new 1/5 portion of 
DIP-solids was added daily until the final DM content was 10% with 0.125 ml 
enzyme/g DM. 

Furthermore, it was tried if hydrolysis could be enhanced by swelling the DIP 
material in concentrated phosporic acid (85%) followed by reprecipitaion in water, 
due to increased susceptibility to enzymatic action and/or dissolving of inhibitory 
compounds. This method has been used with cellulose materials such as Avicel to 
disrupt the crystalline structure and make it a more readily hydrolysed substrate in 
cellulase assays (Walseth, 1952), which is usually called “Walseth cellulose”, 
“amorphous cellulose” or “phosphoric acid swollen cellulose (PASC)” in the 
litterature. 

The results of the quantification of soluble sugars after enzymatic hydrolysis are 
shown in Figures 3.3.4 and 3.3.5 below. 
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Fig. 3.3.4: Total soluble sugar during enzymatic saccharification with 0.125 ml enzyme/g DM, at 
55°C, pH 4,5 (DIP-liquid + DIP-solids 10% DM; 2% Avicel + 10% DIP-solids + Citrate; 10% 
DIP-solids + Citrate; 10% H2O2 pretreated DIP; fed-batch saccharification of DIP-solids at final 
conc of 10% DM) 
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Fig. 3.3.5: Enzymatic saccharification results of 2% Avicel + DIP-liquid and 10% Phosphoric acid 
swollen DIP-solids, respectively. Total reducing sugar during enzymatic hydrolysis with 0.125 ml 
enzyme/g DM, at 55°C, pH 4.5. 

This time the color of the broth changed to yellow after autoclaving, and then to red 
upon adjustment to pH 4.5 (Fig 3.3.6). 
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Fig. 3.3.6: DIP material after autoclave. 
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As seen in Fig 3.3.4, the overall yield of soluble sugar was far lower than in the 3rd 
experiment. Even the H2O2-pretreated DIP had only 809 mg/L total carbohydrates 
after 72 hours of saccharification (4389 mg/L in 3rd experiment). There does not seem 
to be anything wrong with the enzyme mixture as such, since the yield with Avicel as 
substrate was similar to that in experiment 3. The only obvious difference to the 
corresponding samples in experiment 3 was that the temperature was maintained at 
55°C throughout the enzymatic hydrolysis in experiment 4. This might indicate that a 
higher temperature might accelerate inactivation of the enzymes.  

Secondly, the Avicel was completely degraded by the enzyme when it was mixed only 
with DIP-liquid (21075 mg/L which is even higher than the theoretical value). 
However, most of the Avicel remained after 72 hours when it was mixed with solid 
fraction of DIP and citrate. Similar trends in both 3rd and 4th experiments indicate that 
the inhibitors were in the solid fraction of DIP. 

Thirdly, the DIP material pretreated with concentrated phosphoric acid gave nearly 
7000 mg/L released sugar, which is the highest yield obtained so far with this material. 
However, this still corresponds to only about 30% of the total carbohydrates in DIP. It 
thus seems that the inhibitory effect of DIP remains even after swelling in conc. 
phosphoric acid. 

Another observation was that, except for Avicel + DIP-liquid, the soluble sugar did 
not increase further from 24 to 72 h of incubation, indicating that enzymes are 
inactivated within the first 24 hours. 

The fed-batch method, which was expected to show a better yield than the other 
methods, gave only 520 mg/L sugar after 24 hours and the concentration decreased 
gradually with the addition of more DIP material in the next 4 days. Probably the 
enzymes were inactivated already during the first day, and the decrease is due to 
dilution of already solubilised sugar when more material was added to the reaction 
mixture. 

In summary, three pretreatment methods (autoclave, hydrogen peroxide, phosphoric 
acid) were applied to DIP material, but the highest yield was only 30% of total 
carbohydrates at best (with phosphoric acid pretreatment). It seems that the inhibitors 
were stuck in the solid fraction and were difficult to remove. Inactivation of the 
enzymes occurred within the first hour at 55°C (conclusion drawn from the 2nd 
experiment). The inactivation may be temperature-dependent. 

 



3.3.2 Enzymatic saccharification of supercritical ammonia pretreated materials 
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Fig. 3.3.7:Enzymatic saccharification of SCA pretreated oat straw (50 ml, 5% and 10% substrate 

conc. , 0.05 ml/g, 0.1 ml/g and 0.2 ml/g enzyme loading, 120 rpm, 55 ℃, 72 hours) 

The yields of carbohydrates reached to peak for 5% and 10% substrate concentration 
with three different enzyme loadings except 5% with 0.1 ml/g enzyme loading which 
showed a decline of sugar concentration from 48 h to 72 h. After calculation, the 
results are summarized in the table below.  
 
Table3.3.1 Yield (%) of carbohydrates (based on DM) from SCA pretreated oat straw. 

Enzyme (ml/g) Yield (5% DM) Yield (10% DM) 
0.05 33.11 26.06 
0.1 33.45 37.11 
0.2 47.90 47.43 

 
The highest yield was shown in 5% substrate conc. and 0.2 ml/g enzyme which is 
47.90%. (23.95 g/L) The increase of enzyme conc. from 0.1 ml/g to 0.2 ml/g gave 14% 
and 10% higher yield in 5% and 10% substrate conc. respectively. 
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Fig. 3.3.8: Enzymatic saccharification of SCA pretreated pine (50 ml, 5% and 10% substrate conc. , 
0.05 ml/g, 0.1 ml/g and 0.2 ml/g enzyme loading, 120rpm, 55 �, 72 hours) 
 
The overall carbohydrates concentrations were low. The highest yield in this group is 
only 7.8% shown by 5% substrate conc. and 0.2 ml/g enzyme loading. The results 
might indicate that this pretreatment method is inefficient for pine. 
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Three out of six bottles showed a fluctuation of carbohydrates concentration between 
24 h to 72 h. The reason of this phenomenon might be either the contamination by 
bacterial or fungi or the systematic error in the dilution step. The results are displayed 
in Table2. 
 
Table3.3.2 Yield (%) of carbohydrates from SCA pretreated aspen. 

Enzyme (ml/g) Yield (5% DM) Yield (10% DM) 
0.05 31.27 20.57 
0.1 42.53 33.64 
0.2 42.93 40.19 

 
For this material, the enzymatic saccharification could only produce at most 42.93% 
of dry substance and the addition of enzyme had little effect on yield. 
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Fig. 3.3.10: Enzymatic saccharification of SCA pretreated oat straw (20 ml, fed-batch (final 
substrate conc. 20%), 0.125 ml/g enzyme loading, 120 rpm, 55 �, 168 hours) 
 
The design of this experiment was based on the theory of fed-batch enzymatic 
saccharification which is known to be an efficient strategy to some materials. Samples 
were collected at 13 different time points (1 h, 3 h, 6 h, 24 h, 30 h, 48 h, 54 h, 72 h, 78 
h, 96 h, 102 h, 120 h, and 168 h). Before the experiment, 2% material was added to 
falcon tube, and then 2% of material was supplemented to it at each time point when 
samples were collected till the substrate conc. reached 20% which was at 102 h. 
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addition of more material had some inhibition effects on the enzyme. In this 
experiment, the yield is only 12.74%. 
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Fig. 3.3.11: Enzymatic saccharification of SCA pretreated willow (10 ml, 5%, 10% and 15% 

substrate conc., 0.025 ml/g and 0.125 ml/g enzyme loading, 120 rpm, 55 �, 72 hours) 
 
The results are summarized in the table below.  
 
Table3.3.3 Yield (%) of carbohydrates from SCA pretreated willow. 

Enzyme (ml/g) Yield (5% DM) Yield(10% DM) Yield (15% DM) 
0.025 32.93 8.98 8.64 
0.125 33.69 27.48 27.20 

 
The conclusion is that 5% substrate conc. showed highest yields of carbohydrates 
both of 0.025 ml/g and 0.125 ml/g enzyme loading. The increase of substrate conc. 
caused a decrease of carbohydrates yield; however, if this material is applied to 
industrial scale, 15% of substrate conc. and 0.125 ml/g enzyme loading might be the 
best choice. 
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Fig. 3.3.12: Enzymatic saccharification of SCA pretreated Erianthus (10 ml, 5%, 10% and 15% 

substrate conc., 0.025 ml/g and 0.125 ml/g enzyme loading, 120 rpm, 55 �, 72 hours) 
 
The results are summarized in the table below. 
 
Table3.3.4 Yield (%) of carbohydrates from SCA pretreated Erianthus. 

Enzyme (ml/g) Yield (5% DM) Yield(10% DM) Yield (15% DM) 
0.025 20.91 18.59 11.14 
0.125 35.58 39.28 36.46 

 
The yield was very low while 0.025 ml/g enzyme conc. was used. With the increase of 
enzyme conc., the yield for all three different substrate concentrations went up to 
more than 35%. 
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Fig. 3.3.13: Enzymatic saccharification of SCA pretreated Napier (10 ml, 5%, 10% and 15% 

substrate conc., 0.025 ml/g and 0.125 ml/g enzyme loading, 120 rpm, 55 �, 72 hours) 
 
The results are summarized in the table below.  
 
Table3.3.5 Yield (%) of carbohydrates from SCA pretreated Napier. 

Enzyme (ml/g) Yield (5% DM) Yield(10% DM) Yield (15% DM) 
0.025 21.15 19.19 17.50 
0.125 34.39 36.40 29.39 

 
After 72 hours enzymatic hydrolysis, the carbohydrate content of 5% Napier and 
0.125 ml/g was 37.61 g/L according to the figure collected from HPLC which means 
that a 75.22% yield was obtained. This figure was far higher than other yields which 
might be due to some systematic errors. Therefore, the sugar concentration at 48 h 
was used to calculate the yield (34.39%). In this series of experiments, 10% of 
substrate concentration and 0.125mL/g enzyme loading seems to be the best condition 
which gave a 36.40% yield for this material. 

Table3.3.6 Total carbohydrates (TC) and glucose (G) content in SCA pretreated oat 
straw in 10 vessels prepared for ethanol fermentation 

No. 1 2 3 4 5 6 7 8 9 10 
TC(mg/L) 51577 43675 48721 40983 44205 49844 44924 54939 50064 44464 
G (mg/L) 36622 30867 33980 29129 31219 35560 31677 38911 35666 31768 
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3.4 Bioethanol fermentation 

3.4.1 Toxicity test 

S. cerevisiae and D. bruxellensis were precultured 1 day and 3 days before toxicity 
tests, respectively. OD600 of preculture was measured in order to calculate the amount 
of medium needed for hydrolysate. Several drops of broth were made on the surface 
of YPD-agar plate. Numbers of colonies were counted after several days’ incubation 
in 30� room. 

The results were summarized in two tables below. 

Table3.4.1 Numbers of colonies of S. cerevisiae 

Time\Material Oat straw Pine Aspen 
Substrate 

conc. 
5% 10% 5% 10% 5% 10% 

0 7.18*105 10.4*105 5.6*105 4.4*105 5.4*105 5.8*105 
24 4*105 23.7*105 3.5*105 0.75*105 0.88*105 1*105 
48 5.2*107 4.7*107 >106 >106 >106 >106 
72 5.4*107 6.4*107 4.9*106 6.6*106 2*107 4.7*107 

At 48 hours, there are too many colonies on the plates of pine and aspen which were 
uncountable. 

Table3.4.2 Numbers of colonies of D. bruxellensis 

Time\Material Oat straw Pine Aspen 
Substrate 

conc. 
5% 10% 5% 10% 5% 10% 

0 1.48*106 1.4*106 9.6*105 8.9*105 1.33*106 1.22*106 
24 >107 >107 1.8*105 4.3*106 2.2*105 1.34*105 
48 >107 >107 >106 >107 >106 >106 
72 >107 >107 >107 >107 >107 >107 

After 48 hours, the density of colonies on plates of all materials was too high that 
even the plate with 104 dilution rate could not be counted. 

Inhibition was observed both in case of S. cerevisiae and D. bruxellensis during the 
first day of incubation except the case of D. bruxellensis on oat straw substrate. D. 
bruxellensis performed higher growth rates in all three substrates than S. cerevisiae.  
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3.4.2 Ethanol fermentation 

Oat straw was pretreated by SCA method in Japan. Ethanol fermentation was done 
with precultured S. cerevisiae and  D. bruxellensis in 10mL scale after enzymatic 
hydrolysis. The aim of this experiment is to compare the capacities of S. cerevisiae 
and D. bruxellensis. The amount of glucose, acetate, glycerol and ethanol was 
measured by HPLC. The results are shown in figure. For S. cerevisiae, the initial 
amount of glucose (32.4 ± 2.9 g/L) was almost completely consumed after 24 hours, 
and approximate 12.2 ± 0.5 g/L ethanol was produced. For D. bruxellensis, 1.9 g/L 
ethanol was generated with a consumption of 1/3 glucose. However, the remaining 
glucose was consumed during the further course of the fermentation, resulting in a 
maximum ethanol concentration of 12 g/L. After 72 hours fermentation, S. cerevisiae 
produced 13.6 ± 0.4 g/L ethanol from 32.4 ± 2.9 g/L glucose (0.42 ± 0.5 g ethanol/ 1g 
glucose) and D. bruxellensis produced 12.4 ± 0.5 g/L ethanol from 34.7 ± 3.0 g/L 
glucose (0.36 ± 0.4 g ethanol/ 1 g glucose). On the basis of substrate, S. cerevisiae 
could produce 136 g ethanol and D. bruxellensis could produce 124.5 g ethanol based 
on 1kg of dry substrate, respectively. 
 
0.79 g/L acetate was present in S. cerevisiae fermentor at the beginning of the 
fermentation and remained almost the same concentration throughout, while glycerol 
increased from 0.11 g/L at 0 hour to 1.32 g/L after 72hours. D. bruxellesis kept 
producing acetate during 72 hours fermentation from an initial conc. of 0.73 g/L to 
1.55 g/L at 72 h and there was no wave showed of glycerol concentration during this 
period. 
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Fig. 3.4.1: Ethanol and sugar concentrations during the fermentation of SCA pretreated 
enzymatically saccharified oat straw. 

3.5 Biogas digestion 

Seven different materials were tested in this study. DIP material was stored at 4 ℃ 

room and cut into small pieces prior to biogas digestion. Three untreated materials 
(oat straw, pine dust, aspen saw dust) were kept in room temperature (RT) at Dept. of 
Molecular Biology, BMC. Three SCA pretreated materials (oat straw, pine dust, aspen 
saw dust) saved at RT at BMC, were thermochemically pretreated with mixture of 

liquid and gas ammonia at 4.1 MPa, 80 ℃ for 3 hours in Japan. 

The biogas digestions were performed in 300 ml bottles filled with certain amount of 
inoculum (48 g for each bottle) and distilled water up to approximate 190 ml. The 
biogas digestion experiments were carried out in triplicate for each substrate on a 

shake table at 37 ℃ room at 130 rpm. The biogas digestions have been monitored for 

29 days since Feb 1st. Although the yield of each material in biogas digestion 
experiment could not be obtained, different performances between untreated materials 
and SCA pretreated materials could be seen. 
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Fig. 3.5.1: Biogas production of DIP material in 42 days. 

The biogas production curve of DIP material is shown in figure 3.5.1. Untreated DIP 
material had only 1-2 days lag phase which was the shortest among of the materials 
tested in this study. It might indicate that DIP material has little inhibition effect on 
the microbial consortium. After 16 days of incubation, biogas production rate got 
slower and the methane content reached 101 ± 10.2 ml /g VS of substrate. 
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Fig. 3.5.2: Biogas production of oat straw and SCA treated oat straw in 42 days. 

For both untreated oat straw and SCA pretreated oat straw, it had 3-4 days lag phase 
before entering the exponential phase of biogas production. Similarly to DIP material, 
slower biogas production rate showed after 16 days incubation. Untreated oat straw 
produced 243 ± 24.4 ml /g VS of substrate and SCA pretreated one generated 263 ± 
17.9 ml /g VS of substrate. Taking into account of standard deviation, two substrates 
showed roughly the same performance on biogas digestion. 
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Fig. 3.5.3: Biogas production of pine and SCA treated pine in 42 days. 

Both untreated pine and SCA pretreated pine had very long lag phase which might be 
due to the rigid structure of pine. There was no net methane production from 
untreated pine and very little gas was produced from SCA-pine.  The ammonia 
pretreatment could not break down the rigid structure which also has been proved in 
enzymatic hydrolysis and ethanol fermentation experiments. The bottles are still being 
monitored to test their biogas potential in longer time.  
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Fig. 3.5.4: Biogas production of aspen and SCA treated aspen in 42 days. 

For raw aspen, one of the triplicates had some unknown problems (might be gas 
leakage), therefore the data of two bottles were used to do the calculation and make 
the biogas production curve (blue one). The biogas digestions of aspen and SCA 
treated aspen both had 4 days of lag phase. For raw aspen, the biogas production rate 
increased after 18 days incubation and it produced 272.5 ± 20.8 ml /g VS of substrate 
after 42 days. However, for ammonia treated aspen, it seems that the biogas 
production has reached the peak (223 ± 13.6 ml /g VS of substrate) at 42 days from 
the trend of the curve.  

 

4. Discussion 

4.1 Total carbohydrates analysis 

 32

Formaterat: Teckensnitt:12 pt

The measured value of Erianthus was consistently higher than 100%, and the 
experiment was repeated four times with triplicates each time. Thus, it seems that the 
phenol/sulfuric acid method is not reliable for total carbohydrate content 
determination, at least not for lignocelluloses from grasses. Therefore, the total 
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carbohydrates content of these materials should be determined by another method, for 
example by HPLC analysis after complete hydrolysis with concentrated mineral acid. 
However, there was not enough time to do that within the time frame of my project 
period. Therefore, sugar yields have been calculated in percentage of dry matter. 

4.2 Enzymatic saccharification 

4.2.1 DIP material 

Many pretreatment and enzymatic hydrolysis experiments have been designed and 
done to DIP material. However, even phosphoric acid pretreatment could only give 
10.4% carbohydrates based on dry matter content. Inhibitors might be present in solid 
fraction of DIP which inactivated enzymes rapidly. Therefore, this material might be 
not interested in ethanol production. 

4.2.2 Supercritical ammonia pretreated materials 

SCA pretreated oat straw, aspen gave higher yields than unpretreated ones and also 
other tested pretreatment methods. However, this method showed little effect on pine 
which is a type of softwood. For willow, Erianthus and Napier, there is no data that 
could be obtained to compare with the one in my study. But compared with each other, 
all of these three materials showed fast degradation and also high yields of soluble 
sugars after enzymatic hydrolysis. 

4.3 Bioethanol fermentation 

The SCA pretreatment method had no negative effects on both S.cerevisiae and D. 
bruxellensis. S.cerevisiae could produce more ethanol than D. bruxellensis in the first 
day of fermentation due to its faster growth rate. D. bruxellensis generated ethanol 
mainly in the second day. For D. bruxellensis, a slight decrease of ethanol during the 
3rd day of fermentation was observed, meanwhile, the amount of acetate increased. D. 
bruxellensis might produce acetate by consuming ethanol. According to the standard 
deviation of glucose and ethanol concentration, S.cerevisiae gave a similar ethanol 
yield (0.42 ± 0.5 g ethanol/ 1g glucose) as D. bruxellensis (0.36 ± 0.4 g ethanol/ 1g 
glucose). 

4.4 Biogas digestion 

This biogas production study is a preliminary study of the biogas potential on DIP 
material and SCA pretreated materials. 
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DIP material showed a short lag phase of 1-2 days before biogas production started 
but the yield of biogas was rather low within the 42 days that the process was 
monitored. If we assume that all organic matters give the same theoretical methane 
yield as cellulose, the maximum biogas yield is 420 ml CH4 /g VS. At 42 days, the 
accumulated methane yield was 101 ml/g corresponding to only 24.0% of maximum 
yield. However, the biogas production had not levelled out within the time frame the 
experiment. So we do not know if the process may continue and give substantially 
higher accumulated methane yield.  

The effect of SCA pretreatment on biogas digestion was rather small. With oat straw, 
the biogas digestion started earlier and the same amount of methane was obtained 3-5 
days earlier with the SCA-oat than with the untreated. However, for aspen, SCA 
treated one produced approximately 50 ml/g methane more than the untreated within 
42 days. One interesting observation was that the pine material was very poorly 
utilized by the biogas microbial community.  

4.5 Conclusions and future perspectives 

The results show that DIP sludge can not be directly used as feedstock for biofuel 
production, neither through enzymatic saccharification and ethanol fermentation, nor 
by biogas digestion. The material contains substances that are strongly inhibitory to 
enzymes. In order to utilise the material it is necessary to identify the origin of these 
inhibitors in the processing of the paper for recycling, whether they are produced at 
certain stages, or come from process streams that may be excluded from the sludge 
waste material. Samples should be taken from different stages in the process and 
analysed for enzyme inhibition. At the same time it would also be interesting to try 
and isolate the inhibitor(s) and identify their chemical nature. 
 
SCA pretreatment gave significant enhancement of enzymatic hydrolysis on grass (e.g. 
oat straw) and hardwood materials, and may prove useful as a new technique for 
industrial biomass pretreatment, if ammonia recovery can be done in a cost-efficient 
way. One big advantage is that the pretreated material has much lower moisture 
content than with other pretreatment methods (e.g. dilute acid, lime or steam 
explosion) and thereby reducing process water volumes in subsequent steps.  
 
However, there was very little effect on pine, suggesting that the method may not be 
useful with softwood materials. But the experiments were only done with pine and 
should preferably also be tested with other softwood materials (e.g. spruce). 
Furthermore, the pretreatments were done at only one set of conditions, which may 
not be the optimal for such materials. This should also be further investigated.  
 
In contrast to the beneficial effect on enzymatic hydrolysis, the SCA treatment had 
only small effect on biogas digestion efficiency. However, in an industrial process it is 
more likely that the raw material will first be utilised for ethanol production, and then 
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the residues from that step will be used for biogas digestion. For a more thorough 
evaluation of the SCA-treatment it would therefore be interesting to follow up this 
investigation with biogas digestion experiments with residues from the ethanol 
fermentation step. 

5. Material and methods 

5.1 Raw material 

Ten different cellulosic materials were used in this study, namely, DIP, oat straw, pine, 
aspen, six supercritical ammonia treated materials (oat straw, pine, aspen, willow, 
Erianthus, Napier). DIP material which is the waste fraction from recycle paper 
production was provided by European Paper Company. Oat was provided by Sala 
Heby energy AB.Aspen and Pine (heart wood saw dust) came from local farmer 
outside Uppsala.  Supercritical pretreated materials were provided by research 
collaborators from Japan.  

5.2 Dry substance (DS) determination 

Two different devices were used to test the DS content of these materials. One is 
Moisture Analyzer and the other one is oven. 

5.2.1 Moisture Analyzer. (XM60, Moisture Analyzer, Zuerich, Swizerland) 

The balance and temperature of this machine were calibrated before use and the first 
measurement was done with 1ml distilled water. Soft heating mode (Temperature 

increase slowly from room temperature to 105 ℃ in 4.3 min) was applied to these 

materials. 

5.2.2 Oven 

Sample was heated in an oven at 85 ℃ for one hour and after that 105 ℃ for 

approximate 12 hours (Schnürer, 2010). 

5.3 Volatile substance (VS) determination 

Dried sample was transferred into a VS-oven and heated at an initial temperature of 
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300 ℃ for 1 hour. After that, 550 ℃ was kept for at least 6 hours (Schnürer, 2010). 

5.4 Total carbohydrates 

Phenol/Sulfuric acid assay (Kimberly & Taylor, 1995) was used to measure the total 
carbohydrates content of these materials. This method contains two parts which are 
glucose standard curve mapping and measurement of samples. 

Samples (0.8 ml) were added to 16*150 mm glass tubes followed by addition of 3.2 
ml 80% sulfuric acid and quick mix. After at least 1 min reaction, the tubes were 
cooled down to reduce the temperature by water bath. 50 μl Phenol was then added to 
each tube and the tubes were kept in room temperature for 30 min. The absorbance 
was read at 480 nm (Kimberly & Taylor, 1995). 

For the glucose standard curve, the conc. of glucose samples ranged from 0.025 mM 
to 2 mM. 

For the test on DIP material, there was a dilution step after cooling down the tubes 
which is that 0.4 ml mixture was transferred to a new tube and diluted with 3.2 ml 80% 
sulfuric acid. 

5.5 Pretreatment of cellulosic materials 

5.5.1 Pretreatment of DIP 

The DIP material from paper recycling is a material sent from European Paper 
Company without any pretreatment. Three pretreatment methods were tested in this 
study, namely, autoclave pretreatment, hydrogen peroxide pretreatment and 
phosphoric acid pretreatment. 

5.5.1.1 Autoclave pretreatment 

DIP material was suspended in 50 mM citrate buffer (pH = 4.5) and heated in an 

autoclave machine at 105 ℃ for 15 min. 

5.5.1.2 Hydrogen peroxide pretreatment 

DIP material (2 g DM) was suspended in 15 ml distilled water followed by addition of 
1.5 ml of H2O2 (final conc. 2.5%) and adjustment to pH 11.5 by using 10 M NaOH 

and the volume was adjusted to 18 ml with water. The slurry was incubated at 35 ℃, 
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120 rpm for 24 h, whereafter 1 ml 1 M citrate buffer was added to the slurry followed 
by pH adjustment to 4.5 using 20% HCl. The volume was finally adjusted to 20 ml 
giving a final DIP concentration of 10% DM. 

5.5.1.3 Phosphoric acid pretreatment 

DIP sample (1 g DM was slowly added into a beaker with 25 ml 85% H3PO4 under 
stirring on ice in between 1 and 2 hours. The mixture was then poured into 250 ml 

ice-cold distilled water under stirring. After overnight sedimentation at 4 ℃ in 

graduated cylinder, the slurry was separated into several falcon tubes, then centrifuge 
at 5000 rpm for 5 min to remove the supernatant. The solid fraction was washed 
successively with distilled water, 1% NaHCO3, again distilled water, 50 mM citrate 
buffer (pH = 4.5) until the pH was below 5. The final volume of slurry was 10 ml. 

5.5.2 Supercritical ammonia pretreatment 

The conditions of SCA pretreatment were summarized in a table below. 

Table5.5.1 SCA pretreatment in Japan 

Material 
Temp. (℃) 

Pressure(MPa) NH3 Phase Time (h) 

Aspen 80 4.1 Liquid and Vaper 3 
Pine 80 4.1 Liquid and Vaper 3 
Oat 80 4.1 Liquid and Vaper 3 

Willow 80 4.1 Liquid and Vaper 3 
Erianthus 80 4.1 Liquid and Vaper 3 

Napier grass 80 4.1 Liquid and Vaper 3 

5.6 Enzymatic saccharification 

5.6.1 Enzyme 

AccelleraseTM 1000 was used in enzymatic saccharification experiments. This enzyme 
was kindly provided by Genencor, USA. The AccelleraseTM 1000 enzyme consists of 
Hypocrea jecorina natural biomass degrading enzyme mixture, supplemented with 

additional β-glucosidase enzymes. It was showed that the enzyme had a cellulose 

activity of 2707 CMCU/g (1 CMCU is defined as 1 μmol of reducing sugar released 

per minute when hydrolyzing carboxymethyl cellulose at 55 ℃ and pH 4.8) and a β
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-glucosidase activity of 403 U/g (U is defined 1 of nitrophenol librated from 

para-nitrophenyl-β-D-glucopyranoside in 10 minutes at 55 ℃ and pH 4.8) (Svedberg, 

2008). 

5.6.2 Enzymatic saccharification on DIP material 

Due to the complicated composition of DIP material, different methods and strategies 
were used to analyze this material in four different experiments. 

5.6.2.1 Experiment 1 

Three concentrations of substrate (DIP) (5%, 7.5%, 10% based on DM) were used in 
this experiment with three different enzyme loading (0.025 ml/1g DM, 0.125 ml/g, 
and 0.25 ml/g). Citrate buffer was added at a final conc. of 50 mM and the pH was 
adjusted to 4.5 with hydrochloric acid. The final volume was 50 ml. The enzymatic 

saccharification was performed at 55 ℃, 120 rpm for 72 hours. Samples were taken at 

six time points (1 h, 3 h, 5.5 h, 24 h, 48 h, and 72 h). All the samples were saved in 

-20 ℃ freezer until analysed by HPAE-PAD. After the saccharification bottles were 

heated in water bath at 100 ℃ for 20 min to inactivate the enzyme. 

5.6.2.2 Experiment 2 

Three concentrations of substrate (5%, 10%, 15% based on DM) were used in this 
experiment with three different enzyme loading (0.025 ml/g, 0.125 ml/g, 0.25 ml/g). 
After the addition of citrate buffer (50 mM) and pH adjustment to 4.5, bottles were 

autoclaved at 121 ℃ for 20 min (the total time of the autoclaving programme is 120 

min including eg. vacuum, heating, cooling). Before enzymatic hydrolysis, pH was 
adjusted to 4.5 again by 20% HCl and the volume was adjusted to 50 ml. The 

enzymatic saccharification was performed at 55 ℃, 120 rpm for 72 hours. Samples 

were taken at seven time points (0 h, 1 h, 3 h, 5 h, 24 h, 48 h, and 72 h) and were 

stored at -20 ℃ prior to HAPE-PAD analysis. After enzymatic hydrolysis, bottles 

were heated in water bath at 100 ℃ for 20 min to inactivate the enzyme. 

5.6.2.3 Experiment 3 

The idea of the third experiment was based on several different designs.  
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Material preparation: 

10% (w/v) Avicel stock solution-1g Avicel was suspended in 10 ml 50 mM citrate 
buffer (pH 4.5) followed by addition of NaN3 at a final conc. of 0.02%. 

100 mM EDTA stock solution-0.372g EDTA was suspended in 10 ml 50 mM citrate 
buffer (pH 4.5). 

AccelleraseTM 1000- 1 ml enzyme mixture was filtrated to a 1.5 ml an eppendolf tube 
(Ep-tube). 

Autoclaved DIP (10% DM) material- 2g DIP (DM) was added to 20 ml 50 mM citrate 

buffer followed by pH adjustment to 4.5, then sent to autoclave at 121 ℃ for 20 min. 

Then the pH was adjusted to 4.5 by 20% HCl. The liquid phase and solid fraction 
were separated into two falcon tubes by centrifuge. 15 Ep-tubes were labeled as 
A1-A3, B1-B3, C1-C3, D1-D3, and E1-E3. The solid fraction was washed by 20 ml 
50 mM citrate buffer twice and the volume was set up to 20 ml by 50 mM citrate 
buffer (pH 4.5). The solid fraction mixture was then separated into 12 of 15 Ep-tubes 
from B1-E3 (1 ml suspension in each tube). The supernatant was removed after 
centrifuge. 

Hydrogen peroxide pretreated DIP (10% DM) material- After 24 h incubation, 1 ml 1 
M citrate buffer was added to the slurry followed by the pH adjustment to 4.5 by 20% 
HCl. 6 Ep-tubes were labelled as F1-F3, G1-G3. 1ml of mixture was then added to 
each tube. 

A1-A3: 200 μl10% Avicel and 800 μl liquid phase were mixed together. 

B1-B3: Liquid phase was added up to 1 ml. 

C1-C3: 200 μl 10% Avicel was added in and then a final conc. of 50 mM citrate buffer 
was added up to 1 ml. 

D1-D3: A final conc. of 50 mM citrate buffer was added up to 1 ml. 

E1-E3: 100 μl 100 mM EDTA was added in and liquid phase was then added up to 1 
ml. 

Enzymatic saccharification: 

12.5 μl enzyme (0.125 ml/g) was added to each tube except tubes G1-G3 before 

saccharification. All the tubes were incubated at 55 ℃, 120 rpm for 42 hours (The 

total time was supposed to be 24 hours but the temperature of the incubator went 
down to room temperature sometime during the night). During the daytime, the tubes 
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were mixed by vortex once per hour. 

5.6.2.4 Experiment 4 

Basically, the fourth experiment has a similar design as the third experiment but the 
total incubation time changed and other two new methods were tested- a phosphoric 
acid pretreatment method and a fed-experiment method. 

Material preparation: 

A1-A3: Same as experiment 3 

B1-B3: Same as experiment 3 

C1-C3: Same as experiment 3 

D1-D3: Same as experiment 3 

E1-E3: Same as F1-F3 of experiment 3 

Nine Ep-tubes were prepared for each design which is aim at three time points 
sampling (24 h, 48 h, and 72 h). 

Fed-experiment DIP material- 2g DIP (DM) was put into a falcon tube with 20 ml 50 
mM citrate buffer (pH 4.5) followed by pH adjustment to 4.5 by 20% HCl, then 

autoclaved at 121 ℃, 20 min. pH was adjusted to 4.5 by 20% HCl after autoclaving. 

The liquid phase and the solid fraction were separated by centrifuge. 

Enzymatic saccharification: 

Enzyme (0.125 ml/g) was added to each tube before saccharification. All the tubes 

were incubated at 55 ℃, 120 rpm for 72 hours. For A1-E3 tubes and the phosphoric 

acid pretreated one, sampling was done at 24 h, 48 h, and 72 h. For the 
fed-experiment falcon tube, approximate 1/5 of the solid fraction was added into the 
tube from 1st day to 5th day and sampling was done at 5 time points (24 h, 48 h, 72 h, 
96 h, and 120 h). 

5.6.3 Enzymatic saccharification on supercritical ammonia pretreated materials 

For oat straw, pine and aspen, two substrate conc. (5%, 10% based on DM) were used 
in this experiment with three different enzyme loading (0.05 ml/g, 0.1 ml/g, 0.2 ml/g). 
Before the saccharification, pH was adjusted to 4.5 by 20% HCl. The enzymatic 
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saccharification was performed at 55 ℃, 120 rpm for 72 hours. Sampling was done at 

seven different time points (0 h, 1 h, 3 h, 5 h, 24 h, 48 h, and 72 h). All the samples 

were saved in -20 ℃ freezer. 

For willow, Erianthus and Napier grass, three substrate conc. (5%, 10%, 15% based 
on DM) were used in this experiment with two different enzyme (No. 1600877126) 
loading (0.025 ml/g, 0.125 ml/g). Before the saccharification, pH was adjusted to 4.5 

by 20% HCl. The enzymatic saccharification was performed at 55 ℃, 120 rpm for 72 

hours. Sampling was done at five different time points (1 h, 4 h, 24 h, 48 h, and 72 h). 

All the samples were saved in -20 ℃ freezer. 

Ten vessels of ammonia pretreated oat straw hydrolysates were prepared for 
bioethanol production. 10% of DM was used in this experiment with 0.1 ml/g enzyme 
loading. Before the saccharification, pH was adjusted to 4.5-5.5 by 20% HCl. The 

enzymatic saccharification was performed at 50 ℃, 120 rpm for 72 hours. Sampling 

was done at four different time points (0 h, 24 h, 48 h, and 72 h). All the samples were 

saved in -20 ℃ freezer. 

5.6.4 Sugar measurements by HPAE-PAD 

The concentration determination of carbohydrates after saccharification was done by 
high-performance exchange chromatography and pulsed amperometric detection 
(HPAE-PAD) on a Dionex ICS-3000 HPLC-system (Dionex, Sunnyvale, CA, USA). 

Samples were separated on a CarboPac PA10 anion exchange column at 30 ℃. The 

flow rate through the column was 1.0 ml/min. Sugars were eluted isocratically using 
100% water and a gradient up to 200 mM NaOH and 0.5 M NaAC. Carbohydrates in 
the outflow were monitored with a pulsed amperometric detector (PAD) using 
“Standard Quard” waveform (Svedberg, 2008). Qualification was made by comparing 
peak areas of sugars in the samples with standard solutions containing major mono- 
and disaccharides (DIONEX). 



 

Fig. 5.6.1: The Dionex ICS 300 HPAE-PAD carbohydrate analysis system. 

5.7 Bioethanol fermentation 

5.7.1 Yeast strain 

The S. cerevisiae strain (CBS J672) which is stored in the strain collection at Genetic 
Centre, Uppsala was isolated from an industrial ethanol plant in Norrköping, Sweden 
(Passoth et al. 2009). The D. bruxellensis strain (CBS 11269) which was isolated from 
an industrial ethanol plant in Lidköping, Sweden (Passoth et al. 2007).  

5.7.2 Hydrolysate preparation 

See 5.6.3. 

5.7.3 Toxicity test 

The hydrolysate from enzymatic saccharification of ammonia pretreated oat straw, 
pine and aspen was used in this experiment. 

 42

Formaterat: Teckensnitt:12 pt

YPD medium (2% Glucose, 2% bacteriological peptone, 1% yeast extract) was 
prepared for preculture of yeast strain. YPD-agar medium (YPD + 1.6% agar) was 
prepared for plates. 20 ml of warm YPD-agar medium was poured to each plate. 

Formaterat: Indrag: Första raden:  18
pt, Höger:  18 pt



  43

Formaterat: Teckensnitt:12 pt

Formaterat: Indrag: Första raden:  18
pt, Höger:  18 pt

D. bruxellensis was pre-innocluated 3 days before the test and S. cerevisiae was 
prepared 1 day before. OD600 of preculture was measured before inoculums to test 
tubes. After calculation, certain amount of preculture was pipetted to test tubes to get 
OD600 equaling to 0.1. Plates were made at four time points (0, 24 h, 48 h, 72 h) by 
making 10 μl drop with different dilution rates on plates. For S. cerevisiae, the 
number of colonies on the plate was counted after 1 day. For D. bruxellensis, the 
number of colonies was counted after 2-3 days depending on growth rate. 

5.7.4 Ethanol fermentation  

Two different yeast strains (S. cerevisiae, D. bruxellensis) were used to perform 
fermentation on SCA pretreated enzymatically saccharified hydrolysate. Precultured 
yeast was used in this experiment to compare their growth rates and capacities. 

The fermentation conditions were at 30 ℃, 150 rpm, and pH in range between 4.5 and 

4.7 (pH value measured after hydrolysis) (Passoth et al. 2009). 100 μl sample was 
collected by syringe with needle at each time point. The fermentation lasted for 72 
hours before termination. 

5.8 Biogas digestion 

5.8.1 Inoculum 

The microbial consortium used in this experiment was biogas sludge from the 
hydrolysis stage in the three-stage continuous production biogas plant in Västerås, 

Sweden. The inoculum was put in 37 ℃ room 5 - 7 days before biogas digestion. The 

amount of inoculum was 48 g for each digestion flask. 

5.8.2 Experiment preparation 

Seven different materials were used in biogas digestion experiment, namely, DIP, oat 
straw, pine, aspen, and SCA-oat straw, SCA-pine dust and SCA-aspen saw dust. The 
VS content of each material was tested by VS-oven in Genetic Center, Uppsala. The 
results were collected in 3.1. The biogas digestions were done in triplicate in 300 ml 
bottle. 0.58 g VS (3 g VS/L) of each material was weighted and then transferred into a 
bottle. 48 g of inoculums was added to each bottle with a nitrogen gas flush followed 
by addition of water (add up to 193.4 ml). Bottles were capped with rubbers and 
aluminum lids afterwards. 
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5.8.3 Conditions 

The biogas digestion experiments were carried out on a shake table at 37 ℃ room at 

130 rpm. 

5.8.4 Methane measurements and quantifications 

Each batch bottle was analyzed by measurement of gas pressure and the content of 
methane (%) of the gas fraction. The frequency of gas sampling was determined by 
estimated gas production rate. The optimal gas pressure range for pressure 
measurements was 400 - 800 mbar. The pressure was measured by a digital pressure 
meter (GMH 3110, Greisinger electronic). 2 ml of gas sample was collected from 
each bottle with a 2 ml syringe and then saved in a gas sample vial with rubber 
(Schnürer, 2010). The gas samples were analyzed with a gas chromatography system 

(PerkinElmer ARNEL, Clarus 500; 1/8” SF; FID detector 250 ℃; carrier gas: helium). 

All the data were collected in an Excel datasheet. The amount of accumulated 
methane was calculated afterwards. 

5.9 Preparation of reduced cellooligosaccharides and use in assays with 

cellulolytic enzymes 

Procedure with cellohexaose: 

9 mg cellohexaose was added into 1 ml mQ water in an Ep-tube. 20 mg sodium 
borohydride was gradually added to the Ep-tube 4 times in 60 min meanwhile the lid 
of Ep-tube was open. After the last experiment of NaBH4, the Ep-tube was kept in 
room temperature for 1 hour (sufficient reaction time). During this 1 hour break, the 
Amberlite IR-120 resin was washed with mQ water in a small plastic column (Biorad 
type). 50 ml mQ water was used to rinse each cube of resin till no yellow color was 
observed in the eluent. The mixture in Ep-tube was transferred to the column with 0.5 
cm3 resin to neutralize the excess NaBH4. After 15-30 min, if there was still gas 
formation, then the neutralization step should be repeated. The sample was collected 
from the column by several rinse steps, and then put into a Speedvac instrument to be 
dried. 100μl mQ water was used to rinse the sample and dried again in order to 
remove the traces of boric acid. Reduced cellohexaose was collected and saved in 900 

μl mQ water (10 mM) in -20 ℃. 
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