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Sammanfattning 
 

Avfallet i Sverige och Europa ökar för varje år. Svenska hushåll producerar 2,7 miljoner ton 

avfall årligen. På grund av hårda lagar återvinns dock merparten som material eller energi. 

Sveriges regering har dock som mål att öka den biologiska behandlingen av matavfall och 

även att öka landets totala biogasproduktion. Tillsammans innebär dessa mål att anaerobisk 

(syrefri) rötning av avfall måste öka. Ett ökat metanutbyte från det rötade avfallet är också av 

betydelse för målens uppfyllnad. Ungefär 45 % av hushållsavfallet innehåller lignocellulosa. 

Lignocellulosa innefattar de vanligaste förnyelsebara materialen i världen. I detta 

examensarbete undersöker författaren hur man genom hydrolys kan öka nedbrytbarheten av 

pappersavfall från en industri. Syftet med arbetet var att finna en effektiv 

förbehandlingsmetod för pappersavfallet samt att undersöka vid vilka nivåer de ingående 

faktorerna hade störst påverkan. En litteraturstudie följdes av en serie experiment med målet 

att finna de optimala parametrarna för förbehandling av industriellt pappersavfall som ökar 

nedbrytbarheten av pappret och därmed ökar biogasproduktionen. För studien valdes tre 

förbehandlingsmetoder ut för hydrolysering av papper och en försöksplanering utformades. 

Metoderna var behandling med hetvatten, alkali (natriumhydroxid) och våtoxidering 

(väteperoxid). Effekten av behandlingen bestämdes genom att mäta halten av kemisk 

syreförbrukande ämnen (COD), som ett mått på lösta organiska material i den lösta fasen från 

varje enskilt prov. COD användes som responsvariabel för effektivitet av behandlingen och 

resultaten utvärderades i ett statistiskt mjukvaruprogram. Högsta andel COD i den lösta fasen 

återfanns i prov som var behandlat i 250 °C under 30 minuter med 2 % natriumhydroxid 

tillsats. Resultatet var 42 g/l löst COD av torra malda papperstuber i en lösning om 50 g/l. 

Med variationsanalys, ANOVA, gick det att bestämma natriumhydroxid som den mest 

signifikanta faktorn för hydrolysering av papper, följt av temperatur och därefter väteperoxid. 

ANOVA:n visade också att det inte fanns några interaktionseffekter mellan de undersökta 

faktorerna i någon av de testade metoderna. 
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Abstract 
 

The waste production in Sweden and Europe is increasing each year. Swedish households 

throw away 2.7 million tonnes material annually and because of though waste legislations, 

most of this is recycled as material or energy. The Swedish goal to increase the amount of 

biologically treated food waste and also to increase the biogas production requires not only 

investments but research in this area. Increased biogas yield from anaerobically treated waste 

materials will be beneficial to reach the goals. About 45 % of the biological waste consists of 

lignocellulosic material. Lignocellulose is also the most abundant renewable material in the 

world which makes it very interesting for biogas production. Sweden is also a country were 

over 10 % of its total export value is generated from the forest industry. An industry which 

produces large amounts of waste streams. In this thesis work the author investigates how 

hydrolysis can increase the digestibility of industrial waste paper. The scope was to find an 

efficient pretreatment method of paper and determine which affecting factors levels are the 

most successful ones. A literature study was followed by a series of experiments in order to 

find the optimal parameters for pretreatment of an industrial waste paper with the goal to 

increase its digestibility for anaerobic biogas production. From the study three pretreatment 

methods for hydrolysis of paper were chosen and an experimental design was conducted. The 

methods were hot water, alkali and wet oxidation. The result of the treatment was evaluated 

by measuring the soluble chemical oxygen demand (sCOD) in the supernatant of each treated 

samples and then analyse the results using a statistical software program. The highest levels 

of dissolved organic materials was found in samples treated at 250 °C for 30 minutes and with 

2 % additive concentration of NaOH. The result was 42 g/l from a suspension of dry milled 

paper tubes of 50 g/l. By using the results in an analysis of variance it was possible to 

determine that sodium hydroxide was the most significant factor for hydrolysation of paper, 

followed by temperature and then addition of hydrogen peroxide. The results also revealed 

that there are no interaction effects between the examined factors in any of the tested 

methods. 
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1 Introduction 

Waste management is an important part of a society’s infrastructure. It contributes to the 

material flows for both social and economical purposes and it plays an important part in the 

production of renewable energy in the form of electricity and heat. It is also a part of the 

movement of nutrient streams, where it can play a significant role when it comes to returning 

nutrients back to the soils from which it came. Waste is becoming a more valuable resource 

every day. It is burned as a fuel for heat and power production or recycled into new products. 

It is also used to produce biofuels such as biogas, which after upgrading to get the biomethane 

can be used for example in vehicles. As different waste materials have different qualification 

for recycling, many can be used in all of the mentioned techniques. This raises the question: 

How can we find the most beneficial way to manage and treat different waste? To answer this 

question we need more knowledge about each waste material’s qualification in the different 

treatment system. 

 

The average generated waste per capita in Sweden is over 500 kg per year. The total 

generated household waste in 2007 was 2.7 million tonnes. About 49 % of the waste is 

recycled, including biological treatment, and 46 % is energy recycled. Only 4 % of the waste 

goes to landfill. Biological treatment includes aerobic and anaerobic decomposition of organic 

waste material. During aerobic treatment we get  nutrients (compost) while during anaerobic 

treatment the waste is converted  energy (biogas) and the remaining nutrient rich residue is 

utilized as fertiliser. The Swedish governments environmental goals aims towards that 35 % 

of the food waste is treated biologically by the year 2010, today this amount is 20 %. 

(www.avfallsverige.se, 2007). Since biogas can be upgraded to methane (biomethane) and 

used in vehicles it is also relevant that Swedish government aims to increase renewable fuels 

in the transportation sector to 10 % by year 2020, as a response to an EU directive, 

2009/28/EG. 

 

Household waste is all the waste generated from households as well as similar waste from 

offices, schools, restaurants etc. Municipal solid waste, MSW, includes only the already 

sorted waste from households and industries and it is therefore free from metals, glass or any 

dangerous fractions. MSW is often divided further into easy biologically degradable waste 

and combustible waste fractions, due to available treatment technique. MSW is, nonetheless, a 

heterogeneous waste and it consists of about 45 % lignocellulosic materials (Buffiere, 2006). 

The biological treatment includes anaerobe degradation in a biogas reactor or aerobe 

degradation by composting. The first technique produces biogas. Biogas consists mainly of 

methane and carbon dioxide and can be used for heat and electricity production. Furthermore, 

it can be upgraded to biomethane and used as a fuel in vehicles.  

 

The Swedish biogas production reached 204 million Nm
3
 in 2006  including biogas from 

manure, MSW and waste water sludge in 233 different facilities (Energimyndigheten, 2008). 

One Nm
3
 upgraded biogas with 97% methane content has an energy content of 9.8 kWh. The 

total production in 2006 was 1.3 TWh. A report from Avfall Sverige shows that the biogas 

potential in Sweden is 11 TWh/year, which can replace about 12 % of the fossil fuel used in 

the transportation sector (Linné et al., 2008). However, this does not include forest derived 

rest products which, according to the same report, can contribute with another 59 TWh/year 

using gasification although the technique is not yet commercially available. 

 

Lignocellulosic materials are the most abundant of all renewable materials on the earth, and 

this makes it very interesting as raw material for biofuels production. The Swedish forest 
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industry contributes with 11 % of the total Swedish export value. According to the Swedish 

Forest Industries Federation, the Swedish production of paper and board for 2006 reached 

12.1 million tonnes. The total global production of paper 2005 was 367 million tonnes 

(Skogsindustrierna, 2007), (Heinsoo, 2007). Material recycling of lignocellulosic materials is 

high for the homogeneous waste streams. The collected volume of paper packages and 

newspaper in Sweden in 2007 was 504,000 tonnes and 474,000 tonnes respectively. The 

collection rates were 72 % and 85 % of the respective available materials on the market. 

Recycled paper is reused in new paper products, mainly by cardboard and newspaper 

manufacturers. The paper can be reused up to seven times before the fibres become too short 

for recycling. It is then burned (www.ftiab.se, 2007). 

 

The EU Biomass Action Plan (EU, 2005) which has been presented to cope with the 

increasing EU dependency of imported energy, summarizes three objectives: competitiveness, 

sustainability and security of supply. The plan aims towards an increase of biomass in energy 

production from 69 to 150 million toe (tonnes of oil equivalent) by 2010. The EU Forest 

Action Plan (EU, 2006) which concern 2007 – 2011, includes promoting the use of forest 

biomass to produce biofuels. EU aims to have 10 % biofuels by 2020. 

 

To optimize the treatment of producing biogas using new substrates on an industrial scale 

more knowledge is needed about how the including materials affect the processes. The 

potential of biogas production from substrates such as different types of lignocellulosic waste 

materials needs to be investigated. Pretreatment of these materials will make it possible to 

utilize them as feedstock in future biogas production plants, and increase production in 

existing plants. This report focuses on hydrolysis of paper to increase its biogas yield during 

anaerobic biological treatment. It concludes existing research about pretreatment of various 

lignocellulosic materials and it also investigates the effect of sodium hydroxide and hydrogen 

peroxide on paper solubility in pressurized hot water. COD analysis has been used as a fast 

and simple way to determine the amounts of dissolved organic materials as results of the 

different treatments. 

 

2 Background 

2.1 Biogas production through anaerobic digestion 

In Sweden biogas is mainly produced by anaerobic digestion (AD). In an air free chamber 

anaerobic microorganisms feed of the material and degrade it while they produce carbon 

dioxide and methane. It is a dynamic process and the composition of microorganisms in the 

AD chamber changes over time along with the process conditions and composition of the 

material inside. Depending on the different kinds of microorganisms used in the process, it 

can be run at mesophilic (around 37°C) or thermophilic (around 55°C) conditions. The 

retention time used depends on the substrate composition and temperature.  The degradation 

in a thermophilic process goes usually faster, and the retention time typically is about 15 to 30 

days. During the process the material is hydrolysed and degraded into single nutrients and 

gases like carbon dioxide, hydrogen and methane. The gas consists mainly of methane (50 –

 75 %), carbon dioxide (25 – 50 %) and water and it is called “biogas”. After some dewatering 

the gas can be combusted to produce heat or burned in a gas motor to produce electricity. It 

can also be used as fuel for vehicles if it is dried and cleaned from CO2 and other undesired 

components. By adding propane to the gas it can be sold to the Swedish gas grid whereas such 

is available (south-western parts of Sweden). 
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Industrial biogas production consists of three main steps, illustrated in Figure 1. The first step 

is called hydrolysis. Hydrolysis is the breaking of long and complex biopolymers chains into 

smaller more easily digestable molecules. Hydrolysis is the slowest step in the process of 

biogas production, especially when the substrate consists mainly of complex polymers, like 

cellulose. The second step involves utilization of the sugars and alcohols by fermentative 

microorganisms and in turn they produce intermediates like acetic acid, carbon dioxide and 

hydrogen. In the last step, during the methanogenesis, other types of microorganisms convert 

the acetic acid or the carbon dioxide and hydrogen into methane. For each step different types 

of microorganisms are responsible and therefore the balance between the different groups of 

microorganisms in the digester is very important for the performance of the process. Some of 

these microorganisms are very sensitive to environmental variations in the digester.  

A pre-hydrolysis step prior to anaerobic digestion can help to reduce the time for processing 

hard-to-digest materials but it can also create inhibitory substances that have a negative effect 

on the growth and health of the microorganisms inside the digester, causing reduction in yield 

and even failure of the process. It is crucial for the introduction of any pre-hydrolysis step to 

achieve both faster degradation rates and higher biogas yields. There are several methods 

available with different advantages and disadvantages. This chapter is a review over previous 

research and findings about hydrolysis of lignocellulosic materials. 

 

 
Figure 1: The three main steps of the anaerobic digestion process showing how complex polymers are converted 

into simple molecules trough hydrolysis, then volatile fatty acids and hydrogen and carbon dioxide trough 

acidogenesis and acetogenesis and in the final step, during the methanogenesis, into methane and carbon 

dioxide. 

 

2.2 Lignocellulosic material 

Lignocelluloses is the common name for all material mainly composed by three components, 

cellulose, hemicellulose and lignin. The proportion of these polymers varies between different 

lignocellulosic materials. Cellulose consists of long chains of glucose molecules which are 

mixed of together with shorter hemicellulose molecules (also consist of carbohydrates). These 

Complex polymers 

Simple molecules 

Sugars, Alcohols, acids 

Hydrolysis 

Acetic acid 

Hydrogen, Carbon 

dioxide 

Acidogenesis & 

Acetogenesis 

Methane 

Carbon dioxide 

Methanogenesis 
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are “glued” together by lignin, making up a compact structure. Since lignocellulosic materials 

can contain carbohydrates up to 75 % by their dry weight, they have a great potential for 

utilization in biofuel production. However, lignocelluloses are naturally resistant against 

biological attack and this is why effective biological conversion of such materials needs to 

include some kind of pretreatment. It is the main challenge in the conversion of 

lignocellulosic materials into biofuels (Sanchez and Cardona, 2008).  

 

 

3 Pretreatment methods 

In a process called hydrolysis the carbohydrates are made available to micro organisms by 

removing the lignin and destroying the crystalline structure of the cellulose. The large 

crystalline cellulose molecules break down into monomers, and low weight sugar oligomers. 

This will affect the porosity and increase the accessible surface area for the microorganisms 

during the digestion process. 

However, hydrolysis is often the most energy consuming part of the production process. 

Several different pretreatment methods have been studied but just a few are commercially 

used. This chapter reviews existing literature about different hydrolysis methods applied for 

lignocellulosic materials and also explains some interesting methods used for the 

improvement of biological digestibility resulting in increased biogas yields. 

 

Most of the research has been performed on pretreatment of lignocellulosic materials for the 

production of bioethanol in various fermentation processes. There are reviews mentioning 

preferences for the best pretreatment technique, used to increase the ethanol yield from 

lignocellulosic materials (Sun and Cheng, 2002), (Mosier et al., 2005). However, many of 

these pretreatment methods are also interesting for increasing the biogas yield from the same 

type of materials, as they both involve microorganisms after the pretreatment step.  

One very important obstacle to overcome is managing increased digestibility without too 

much material loss. Moreover, material degradation to form by-products does not only result 

in material loss but it can also generate inhibitors, which affect the following microbial 

process in a negative way. In both reviews energy efficiency and cost efficiency are 

mentioned as important parameters when comparing pretreatment methods. Cost efficiency 

may include low catalyst cost or low cost for catalyst recycle and possible outtake of 

co-products such as lignin from the process. 

 

A study of the effects various structural features have on enzymatic digestibility discovered 

that a material’s lignin content have less significance to the effect at short hydrolysis times 

when cellulose crystallinity is low, and cellulose crystallinity have less effect in longer 

treatments when lignin content is low (Zhu et al., 2008). 

 

The different pretreatment methods are often divided into groups of physical, chemical and 

biological pretreatments or combinations of these. Table 1 summarizes the methods which are 

further described in this paper. More summaries of pretreatment methods can be found in 

review published by Sanchez and Cardona (2008). One benefit of involving a pretreatment 

step is clear: Pretreatment can increase the yield of cellulose hydrolysis from 20 % to over 

90 % (Lynd, 1996). 
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Table 1: A summary of pretreatment methods for lignocellulosic materials. It includes different methods with a 

short process description, important parameters and some tested materials along with some references of 

previous research. 

Method Process Parameters Materials Reference 

Mechanical 

comminution 

Chipping, grinding, milling to 

reduce particle size. 

High energy input; 

Particle size: 0.2-2 mm. 

Most materials Cadoche and Lopez 

(1989)  

Steam-

explosion 

(Autohydroly

sis) 

Saturated steam for some 

seconds or minutes followed by 

explosive decompression to 

atmospheric pressure. 

Temp.: 160 – 290 °C  

Residence time, particle 

size and moisture content 

are important. 

Hardwood, 

Bamboo 

(Agricultural 

residues) 

Hooper and Li (1996), 

Kobayashi et al. 

(2004), Sun and 

Cheng (2002)  

Steam 

explosion 

with dilute 

sulphuric acid 

Steam explosion with addition 

of dilute sulphuric acid. 

Requires neutralization after the 

pretreatment. 

Acid conc.: 0,5 %,  

Temp. :160 to 260 °C, 

Time: 5 to 30 min. 

Orange peel,  

Wheat straw, 

Salix 

Grohmann et al. 

(1995), Linde et al. 

(2008), Sassner et al. 

(2008)  

Concentrated 

acid 

Steam explosion with 40 % 

acid. Recycling of acid 

necessary. No generation of 

inhibiting by-products. 

Temp. :30 °C 

acid conc.: 40 % 

 

Many various 

types 

von Sivers and Zacchi 

(1995), Wyman 

(1994) 

Wet oxidation  Suspension heated under 

pressure in the presence of 

oxygen. 

Temp. :195 – 210 ºC , 

Time: 15 minutes, O2  

pressure: 12 bar, conc. of 

Na2CO3: 2 g/l  

Winter rye straw 

 

Petersson et al. (2007)  

Pressurized 

air 

High cellulose destruction, 

65 % lignin removal. Methane 

conversion: 59 % of TCOD. 

Temp.: 190 – 210 ºC, 

Time: 1 h 

Newspaper 

 

Fox and Noike (2004)  

H2O2 High conversion of cellulose 

into smaller sugars. Degradation 

of lignin. 

Conc. of H2O2: 2 %, 

Temp.: 30 ºC, 

Time: 8 h 

Sugarcane 

bagasse 

Cotton stalks 

Azzam (1989), 

Silverstein et al. 

(2007)  

Liquid hot 

water, LHW 

Water maintained in liquid 

phase under high pressure at 

elevated temperature. 40-60 % 

of the biomass is dissolved and  

35-60 % lignin and all 

hemicellulose removed. Doesn’t 

require neutralization. 

Hot water > 5 MPa, 

Temp.: 170 – 230 °C,  

Time: 1 min. to 1 h. 

Solids load < 20 % 

 

Many various 

types 

Mosier et al. (2005)  

Ammonia 

explosion, 

AFEX 

Dry process, with 60 % solids. 

No generation of inhibitors. No 

material loss. Recycling of 

ammonia required. 

Temp.: 90 °C, 

Time: 30 min. 

Ammonia loading: 1:1, 

Solids: 60 % 

Hardwood and 

material with low 

lignin content 

Teymouri et al. 

(2005), McMillan 

(1994)  

Ammonia 

recycled 

percolation, 

ARP 

Ammonia is separated, 

evaporated and recycled. Dry 

process. 70 % lignin removed 

after 10 min. 92 % digestability 

with 60 FPU enzyme load. 

Ammonia loading: 15 %,  

Temp.: 170 °C, 

Conc. : 3.3 – 5 mL/g 

biomass, 

Time:10 - 90 min. 

Poplar.  

 

Kim and Lee (2005),   

Acetic acid + 

nitric acid 

Addition of nitric acid caused 

80 % lignin removal and the 

conversion increased by three 

fold. 

Acid conc.: 35 % acetic 

acid + 2 % nitric acid. 

Newsprint, office 

paper 

Xiao and Clarkson 

(1997)  

Lime >90 % glucose and high xylose 

yield. Removal of all acetyl 

groups. Lignin solubilisation 

79 % and up to 87 % by oxygen 

addition. 

Temp.: 55-150 °C 

Time: some hours up to 

several weeks. 

Loading: 0.07 – 0.3 g 

Ca(OH)2 /g dry biomass. 

Swichgrass, corn 

stover, poplar 

wood 

Chang (1997), Kim 

and Hotzapple (2005), 

Chang et al. (2001)  

Sodium 

hydroxide, 

NaOH 

Increased porosity by removal 

of crosslinks. 

Conc.: 2 % NaOH Material with low 

lignin content 

Fan et al. (1987), 

Silverstein et al. 

(2007)  
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3.1 Comminution 

The most basic pretreatment of lignocellulosic material is comminution which is a kind of 

mechanical size reduction of the material. The technology includes chipping, grinding and 

milling. Size reduction makes the material easier to handle and is a good method of reducing 

crystallinity (Sun and Cheng, 2002). This method is, however, also very energy consuming. 

Increased size reduction means larger energy consumption, but energy consumption also 

depends on the characteristics of the biomaterial. To make 1.60 mm particles of hardwood 

required 130 kWh, while the size of 3.20 mm needed only 50 kWh. The energy demand for 

straw was 7.5 kWh for 1.60 mm particles (Cadoche and Lopez, 1989). 

3.2 Steam explosion 

Steam explosion is the most commonly used method on lignocelluloses and it is also a 

technique commercially used for producing Masonite boards. The method has been 

investigated to improve biogas production from e.g. forest residuals. The  method have been 

used the method to enhance methane production from bamboo (Hooper and Li, 1996), 

(Kobayashi et al., 2004). In steam explosion the biomass is exposed to hot steam, typically 

160 – 260 °C, and after a period of time, i.e. some seconds up to several minutes, the pressure 

is released rapidly causing explosive decompression to the material. This causes the 

hemicellulose to degrade and the lignin to transform so it becomes easier for water and 

microbes to penetrate the material and hydrolyse the cellulose. Addition of catalytic acid 

enhances this effect and is described later in this paper. The degradation of hemicellulose 

form acetic acid, which also work as a catalyser for the hydrolysis. This phenomenon is called 

autohydrolysis (Sun and Cheng, 2002), (Mosier et al., 2005). The particle size of the material, 

the temperature and the residence time are all important variables in steam explosion 

(Ballesteros et al., 2000). 

3.3 Wet oxidation 

Wet oxidation is a pretreatment developed as an alternative to steam explosion and it has been 

tested on lignocellulosic material to increase its biogas yield. 

 

Oxygen/air 

A study comparing three lignocellulosic materials: winter rye straw, oilseed rape straw and 

faba bean straw, regarding their ability to produce biogas have been reviewed the conclusions 

were that wet oxidation increased biogas yield from winter rye straw. It did not have any 

significant effect on either oilseed rape straw or on faba bean straw. The pretreatment 

conditions used in the study were 195 ºC, 2 g/l Na2CO3, 12 bar O2 and 15 minutes treatment 

time (Petersson et al., 2007). 

 

Pressurised air 

Wet oxidation by pressurized air has also been studied as a pretreatment process on anaerobic 

degradability of newspaper. Hand shredded newspaper containing 16 % lignin and 54 % 

cellulose (on dry weight basis) mixed with distilled water at 170, 190 and 210 ºC and with 

retention time of 1 h was used to measure removal of total COD, soluble COD and cellulose 

among others (Fox and Noike, 2004). Oxygen was added as compressed air injected into the 

treatment vessel. The solubilisation of newspaper waste was found to be highest after 

treatment at 210 ºC, where 40 % total COD and 69 % cellulose were destroyed. However the 

highest removal of lignin, i.e. 65 %, occurred at 190 ºC. This temperature also gave the higest 

CH4 conversion efficiency (59 % of total COD) in the following batch methane fermentation. 
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Hydrogen peroxide 

Biological degradation of lignin has been shown to increase in the presence of H2O2. By 

pretreatment of sugarcane bagasse with 2 % H2O2, treatment time of 8 h and at 30 ºC, most of 

the hemicellulose and about 50 % of the lignin was solubilised (Azzam, 1989). Another 

research investigated the effectiveness of hydrogen peroxide treatment to improve 

saccharification of cotton stalks in comparison to other chemical pretreatment methods. The 

work shows that addition of H2O2 resulted in higher cellulose conversion than the addition of 

H2SO4, but less delignification and cellulose conversion than the addition of NaOH 

(Silverstein et al., 2007). 

3.4 Ammonia 

AFEX 

Ammonia explosion (AFEX) is a technique similar to catalysed steam explosion pretreatment. 

The material is exposed to aqueous ammonia at moderate to high temperatures (60 – 180 ºC) 

and high pressure (1.7 - 2.1 MPa) for some minutes, and then  the pressure is reduced in an 

explosive manner. This yields high hydrolysis rates for several herbaceous and agricultural 

residues (Mosier et al., 2005). In the review by Sun and Cheng (2002) it is mentioned how 

saccharification rates can be significantly improved by the method for lignocellulosic 

materials like herbaceous crops, grasses, wheat straw, rice straw, MSW, corn stover, bagasse, 

softwood and newspaper. However, in a review over pretreatment of lignocellulosic biomass 

AFEX is claimed to be less effective on hardwood and have very little effect on softwood 

(McMillan, 1994). Variables for a typical AFEX process are ammonia loadings between 1 –

 2 kg ammonia/kg dry biomass, temperature around 90 °C and residence time about 

30 minutes (Teymouri et al., 2005). 

 

ARP 

The process of ammonia recycled percolation (ARP) is a method where the ammonia is 

separated and recycled by evaporization. It is a very effective delignification process. This 

quality makes it a promising method to reduce the enzymatic requirements in bioethanol 

production as lignin and its by-products have an inhibiting effect on microbial growth (Zhu et 

al., 2008), (Mosier et al., 2005). The most affecting factors in ARP are treatment time, 

ammonia concentration, temperature and the amount of ammonia liquid through the reactor 

where the two later have the biggest impact on process cost (Kim and Lee, 2005), (Teymouri 

et al., 2005). In the research by Kim and Lee (2005) ARP pretreatment was used on corn 

stover with very good de-lignification results. With ammonia loadings of 15 w%, temperature 

and pressure at 170 °C and 2.3 MPa respectively, and a flow rate of 5 ml / minute almost 

70 % of the lignin was removed after only 10 minutes. Moreover, after 90 minutes 85 % of 

the lignin could be removed and 60 % of the hemicellulose was dissolved. Digestibility under 

enzymatic hydrolysis with 60 FPU enzyme load was found to reach over 92 % of the 

theoretical value. Structural investigations of the treated biomass showed an increased 

porosity in the material but no change in the cellulose crystallinity. 

3.5 Acid hydrolysis 

One of the most examined methods for pretreatment of lignocellulosic materials is acid 

hydrolysis. In this process the acids break down the cellulose polymers into glucose and the 

hemicellulose polymers, which contain many different sugars, into their monomers. 

Concentrated acids are very effective as hydrolysing agents on many lignocellulosic materials 

and the method gives high yield of glucose from cellulose at low temperature (30 °C) and 
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with little generation of degradation products. However, concentrated acids are toxic, 

corrosive to the reactors and hazardous to environment. Also the acid must be recycled, to 

make the process economically feasible (von Sivers and Zacchi, 1995), (Wyman, 1994). 

 

Dilute acid hydrolysis is a pretreatment method on which much research has been made (Hsu, 

1996, Mosier et al., 2005). The most commonly used acid is sulphuric acid, but other acids 

such as acetic acid, nitric acid, hydrochloric acid and phosphoric acid have also been 

successfully tested (Grohmann et al., 1995), (Wyman, 1994), (Linde et al., 2008). 

3.6 Dilute sulphuric acid 

In a study by Linde et al. (2008) the dilute sulphuric acid method was used on wheat straw 

with an acid concentration of 0.2 % in the liquid at temperature of 190 °C for 10 minutes. The 

recovery of both glucose and xylose was found to be high. In another study  pretreated salix 

(particle sizes of 4 - 10 mm) with steam and dilute sulphuric acid was soaked in dilute 

sulphuric acid with a concentration of 0.25 w% to 0.50 w% for 90 minutes (Sassner et al., 

2008). The temperatures (T) used was between 180 and 210°C, at resident times (rt) of 4, 8 

and 12 minutes and acid concentrations (c) of 0.25 w% and 0.50 w%. The pretreatment was 

followed by enzymatic hydrolysis which resulted in a maximum yield of 92 % (T = 200 °C, 

rt = 8 minutes and c = 0.50 %) and 86 % (T = 190 °C, rt = 4 minutes and c = 0.25 % - 0.50 %) 

of the theoretical yield of glucose and xylose, respectively. Optimal conditions considering 

both yields were 200 °C, 4 – 8 minutes and 0.50 % H2SO4. Dilute sulphuric acid pretreatment 

does not perform well on all lignocellulosic materials. Some materials are very resistant to the 

method as one study on pre-treated orange peels with dilute sulphuric acid showed. The 

temperatures varied between 100 – 140 °C and acid concentration between 0.06 % and 0.5 %. 

The results showed that while the acid treatment released all sugars from the hemicellulose it 

had very little effect on the cellulose (Grohmann et al., 1995). 

 

The biomass is either impregnated with diluted acid before it is treated with steam explosion 

or the acid is injected directly into the reactor. The acid effectively breaks down the 

hemicellulose into its monomers. To break down hemicellulose temperatures around 160 °C 

are enough, while for the crystalline structure of cellulose temperatures at 200 – 240 °C are 

needed. One problem is that under such conditions can the liberated glucose further degrade 

into hydroxymethylfurfural (HMF) and xylose degrades into furfural and other inhibiting by-

products. To minimize material loss due to monomer degradation at higher temperatures and 

the problems causing by the growth inhibiting products in the later process steps, the 

pretreatment can be conducted as a two-step treatment. In the first step the treatment takes 

place at temperatures less than 160 °C, so all the hemicellulose is hydrolysed. The pentoses 

are then separated from the biomass by a washing step before the following second hydrolysis 

step, performed at temperature above 200 °C, where the cellulose is hydrolysed.  

3.7 Acetic acid 

Acetic acid is formed by degradation of hemicellulose under high temperature. This is called 

autohydrolysis and can contribute to the hydrolysis in some pretreatment methods e.g. steam 

explosion, se previous text. Acetic acid in combination with nitric acid has successfully been 

used for pretreatment of newspaper to remove lignin and improve the conversion to methane 

in anaerobic digestion. Lignin was removed by 80 % and the treatment increased the 

digestability three times compared to no treatment. Acid concentrations used were 32 % and 

2 % acetic and nitric acid, respectively (Xiao and Clarkson, 1997).  
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3.8 Alkali 

Alkali pretreatment has proved to work well on materials like corn stover, poplar wood, 

sugarcane bagasse and switchgrass, (Mosier et al., 2005), (Sun and Cheng, 2002).  

 

Lime 

In the process of lime pretreatment a slurry of lime and water is sprayed onto the biomass. 

The method works under ambient conditions but the treatment time needed is much longer 

than that for many other methods, and is measured in hours and days. Elevated temperatures, 

close to 100 °C and above, are claimed to reduce the treatment time needed (Mosier et al., 

2005). Two advantages with this method are that lime is safe to handle and it give a low 

reagent cost.  

 

The method has been used to treat swichgrass before enzymatic hydrolysis, which resulted in 

recommended conditions as temperature of 100 °C, treatment time of 2 hours and reagent 

loading of 0.1 g Ca(OH)2 /g dry biomass (Chang et al., 1997). In another study  lime 

pretreatment was used on corn stover and the optimal conditions at 55 °C and four weeks long 

treatment time resulted in 91 % glucose yield and 52 % xylose yield (Kim and Holtzapple, 

2005). In the same study the method was found to remove almost all acetyl groups and 

moreover, with oxygen addition a maximum lignin removal of 87 % was accomplished. 

Oxygen addition has been proven to be effective when lime pretreatment is used on materials 

with high lignin content. In a research where oxygen was added in the process the 

pretreatment conditions for poplar wood were: temperature of 150 °C, residence time of 

6 hours, lime loading of 0.1 g Ca(OH)2 /g of dry biomass and 9 ml of water/g of dry biomass. 

This increased the glucose yield from 62 to 565 mg equivalent glucose/g of raw dry biomass. 

The same treatment on newspaper, with treatment conditions: temperature of 140 °C, resident 

time of 3 hours, lime loading of 0.3 g Ca(OH)2) /g of dry biomass and 16 g Ca(OH)2 /g dry 

biomass the result gave between 240 to 565 mg equivalent glucose/g dry biomass. Also 79 % 

of the lignin was solubilised (Chang et al., 2001). 

The same author  describes the lime recovery as an important part of making the method 

“economical viable” (Chang et al., 1997). In lime recovery the lime is washed from the 

biomass and while mixed with the water a reaction with added carbon dioxide cause 

precipitation of formed calcium carbonate. The calcium carbonate can then be converted back 

into lime with kiln technology. 

 

Sodium hydroxide 

Sodium hydroxide (NaOH) has also been studied as a pretreatment chemical (Alfani et al., 

2000), (Silverstein et al., 2007). The main effect of dilute sodium hydroxide treatment on 

lignocellulosic materials is the removal of lignin. The process breaks down the linkages 

between the carbohydrates and the lignin, causing depolymerization and swelling of the 

material. This increases the internal surface area while the crystallinity decreases and the 

effects depend on the lignin content (Fan et al., 1987). Alfani et al. (2000) used a rinsing 

solution of hot water and NaOH to remove lignin residues after treating wheat straw with 

steam explosion for an increased ethanol production. Silverstein et al. (2007) compared 

several chemical pretreatment methods and found that NaOH resulted in higher 

delignification rates than either H2O2 or dilute H2SO4 pretreatment. NaOH resulted in 65 % 

delignification at conditions of 2 % NaOH, 121 °C, 90 minutes and 1.02 atm. This treatment 

also gave the highest cellulose conversion, 60 %, among the three above mentioned alkali 

methods. 
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4 Objective 

The goal of this thesis work is to optimize a hydrolysis process, with the purpose of maximize 

the biogas yield from paper. The optimization is accomplished by a limited number of 

experiments using experimental design. Parameters and their limits and empirical data over 

solubility yield and inhibitory effects are gathered from literature. The effectiveness of the 

hydrolysis method is determined by measuring the chemical oxygen demand, COD, in the 

liquid phase after the pretreatment. 

 

5 Methods and material 

All experiments have been conducted in a laboratory at School of Engineering, University of 

Borås and the collected data was analysed and evaluated in the statistical software 

MINITAB
®
. The methods used have been determined from literature reviews and empirical 

knowledge. 

5.1 Waste paper 

The substrate used in the experiments was waste paper and it was collected from Nordens 

Pappersindustri AB, a producer of paper rolls for e.g. packages and commercial purposes 

located in Sandared outside Borås. The paper rolls are made of 90 % paper and  

10 % glue. The waste material from the production consists of parts of paper and paper rolls. 

Different paper rolls are made with two different types of glue, polyvinyl alcohol (PVA) and 

sodium silicate or “waterglas”. The composition of the waste regarding the two glue types 

was assumed to follow the production volume. Products using polyvinyl alcohol is 55 %, 

products using sodium silicate is 35 % and 10 % is unglued paper that is wasted in the 

processes (NordensPappersindustriAB). The waste paper was milled into particle size to 

approximately 1 – 4 mm size by SP, The Swedish Technical Research Institute in Borås. The 

three different paper fractions were weighed and blended according to the assumed 

composition. The paper was stored in an air tight bucket before preparation of the samples. 

The moisture in the paper was determined to 5 % of total weight (Teghammar et al., 2010). 

5.2 Experimental design I – Hot water treatment 

The first experiment was a screening experiment, conducted to determine the most interesting 

levels for temperature and time and to find if any factor effects are insignificant for the 

degradation/solubility of the paper. A 3 x 2 factor experiment was designed where three 

temperatures and two retention times were used. Temperatures and treatment times were 

determined from previous research (Mosier et al., 2005), (Fox and Noike, 2004). The full 

design is shown in Table 2. The lower temperature was limited by the lowest possible 

temperature of the oil bath. A middle temperature was also added to the design. Duplicates of 

all the samples were made. The weight of each sample was noted before it was put into a 

mini-reactor of stainless steel. Twelve identical reactors were used for the experiments. The 

reactor volume was 150 ml. The dry substance of the paper was 95 % and so 5.25 g of paper 

was mixed with 100 ml deionised water (milliQ) to a suspension of 50 g/l. The reactors were 

put in a stirred oil bath (Thermosol RV 275 with heater Thermostat TI-9) for the treatment. 

After the treatment the reactors were cooled down in an ice bath for 10 minutes to interrupt 

any reactions inside. The reactors were then emptied into plastic cups by scraping the inside 

of each reactor wall with a metal spoon and rinsing it by adding 10 ml of milliQ water. The 

samples were stored in a refrigerator at 6 ºC (up to three days) before they were analysed 
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regarding COD content in the soluble phase as well as material weight loss after removing the 

supernatant. 

 

Table 2: Factorial design of the 1
st
 experiment. 

 

Sample 

No. 

Time 

(minutes) 

Temperature 

(°C) 

10 30 150  185  220  

1 X    X 

2  X   X 

3 X   X  

4  X  X  

5 X  X   

6  X X   

7 X   X  

8  X  X  

9 X    X 

10  X   X 

11 X  X   

12  X X   

 

5.3 Experimental design II – Hot water treatment with addition of alkali (NaOH) 

The second experiment included pressurized hot water and alkali, by means of sodium 

hydroxide. This has proved to cause a delignification effect as well as high cellulose 

solubilisation (Silverstein et al., 2007), (Fan et al., 1987). A factorial experiment using 

“mixed design” was made to investigate the effects and possible interactions between the 

parameters (Table 3). Because of difficulties with hardened oil at 150 ºC during the first 

experiment the lower temperature limit was increased to 160 ºC. Consequently the middle 

point temperature was raised to 190 ºC. The high temperature was kept at 220 ºC and the 

treatment times were determined to 10, 15 and 30 minutes. The new time level of 15 minutes 

was included to investigate the effects on shorter treatment times. Concentrations of sodium 

hydroxide were 0 %, 1 % and 2 % (w/v) (Silverstein et al., 2007). The suspension of dry 

milled paper tubes was again 50 g/l, except for two samples mixed to a suspension of 100 g/l. 

For sample preparations the same reactors were used and the reactors were then heat treated in 

the oil bath followed by cooling in an ice bath. They were then emptied into plastic cups and 

each reactor was rinsed with some of the sample fluid. The samples were stored in a 

refrigerator at 6 ºC over night before they were analysed regarding COD in the soluble phase. 
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Table 3: Factorial design with two levels of temperature, three levels of time 

and three levels of sodium hydroxide concentration. * Two samples were made 

with 10% TS. 

 

Sample 

No. 

Time  

(minutes) 

Temperature 

(°C) 

Concentration NaOH 

(% weight/volume) 

10 15 30 190 220 0 1 2 

1 X   X   X  

2  X  X   X  

3   X X   X  

4 X   X    X 

5 X    X  X  

6 X   X   X  

7  X  X   X  

8   X X   X  

9 X   X    X 

10 X    X  X  

11 X   X  X   

12 X    X   X 

13 * X   X  X   

14 X   X  X   

15 * X   X  X   

16 X    X   X 

 

5.4 Experimental design III – Hot water treatment with addition of alkali and/or 

hydrogen peroxide 

In the third experiment the paper was treated with a combination of alkali and wet oxidation 

methods. Chemicals used were sodium hydroxide and hydrogen peroxide (Silverstein et al., 

2007), (Azzam, 1989). Due to limitations in the equipment (maximum six samples at the 

same time in the reactor), a 2
4-1

 fractional factor experiment was designed (Box et al., 1978). 

The factor levels included two concentrations of each chemical, NaOH and H2O2, two 

treatment times and two temperatures resulting in a total of 16 factor combinations. The dry 

milled paper tubes were mixed in a suspension of 50 g/l. Furthermore, a centre point 

regarding chemical concentrations, 1 % of each chemical, was added to the design. This gave 

additionally eight more samples and a total of 24 samples, resulting in four treatment series 

were processed. The full experimental design is shown in Table 4. The chemicals were 

included in combinations of 0 % and 2 % (weight/volume) with the middle point at 1 %. The 

treatment time was set to 10 and 30 minutes and the temperatures were set to 190 °C and 

220 °C to align the previous design. This design allowed additional series and one more was 

performed at 250 °C and 10 minutes, with addition of chemicals at different combinations, as 

it is shown in Table 5, after successful analysis of the data obtained from previous tests. 
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Table 4: Fractional factorial design with four factors, two to three levels plus two 

centre points. *TS = 10 %. 

Sample 

No. 

Time 

(minutes) 

Temperature 

(°C) 

NaOH 

(% weight/volume) 

H2O2 

(% weight/volume) 

10 30 190 220 0 1 2 0 1 2 

1  X  X X   X   
2  X  X   X X   
3  X  X X     X 
4  X  X   X   X 
5  X  X  X   X  

6 *  X  X  X   X  
7 X  X  X   X   
8 X  X    X X   
9 X  X  X     X 

10 X  X    X   X 
11 X  X   X   X  

12 * X  X   X   X  
13  X X  X   X   
14  X X    X X   
15  X X  X     X 
16  X X    X   X 
17  X X   X   X  
18  X X   X   X  
19 X   X X   X   
20 X   X   X X   
21 X   X X     X 
22 X   X   X   X 
23 X   X  X   X  
24 X   X  X   X  

 

Table 5: An additional experiment included to the third experimental design with 

temperature at 250 °C. 

Sample 

No. 

Time 

(min) 

Temperature 

(°C) 

NaOH 

(% weight/volume) 

H2O2 

(% weight/volume) 

10 250 0 1 2 0 1 2 

25 X X X   X   
26 X X   X X   
27 X X X     X 
28 X X   X   X 
29 X X  X   X  
30 X X  X   X  

 

 



 20 

5.5 Analytical methods 

The samples were analysed regarding dissolved organic material. This was made by 

measuring the chemical oxygen demand in the supernatants (sCOD). In the first series of 

experiments the remaining solid material in each sample was also weighted. 

 

In the 1
st
 experimental design, separation of the dissolved material was accomplished by 

dividing each sample into three 50 ml tubes, then adding 50 ml milliQ water evenly between 

the tubes and washing the solids by shaking. This was followed by centrifugation (B4i 

Multifunction, Thermo Electron Corporation, France) at 3500 rpm for 5 minutes. The samples 

were washed and centrifuged three times and the supernatant was separated after each time. 

The solid material was collected in pre-weighted ceramic pots. Each sample required two 

pots. The samples were dried at 105 °C for 24 hours to determine the total solids (TS) of the 

un-dissolved material: 

TSun-dissolved = mun-dissolved – mwater  (C1) 

Where  

mun-dissolved is the sample weight after removing the supernatant and 

mwater is the vaporized water. 

 

In the following two experimental series, the second and third design, the chemical oxygen 

demand was measured in the soluble phase without the addition of washing water. Each 

sample was divided into three 50 ml tubes for centrifugation and following separation of the 

supernatant. The soluble COD was measured using a Hach apparatus with Digestion Solution 

high range (0 - 15,000 mg COD / l) sCOD tubes (Hach, Germany). For some of the samples 

the expected COD levels exceeded the instrument’s high limit, hence the supernatant of these 

samples were diluted two, five or ten times. Duplicates of each sample were analysed 

regarding COD, in the first and second experimental design. In the third design only one COD 

analysis was made per sample, due to the high cost of tubes. All collected data was gathered 

in an Excel-file, Appendix 1, and read values were adjusted in accordance of the dilution rate 

for each sample: 

Read value * 10 * dilution rate (C2) 

In the 1
st
 design the weight loss of each sample was calculated from the original TS and 

equation C1:  

mweightloss = TSpaper - TSun-dissolved  (C3) 

The data was analysed in Minitab
®
. ANOVA was used to find each factor’s significance 

along with any interaction effects between them. The probability of an effect was determined 

by calculating the test statistic and its corresponding significance value for each factor and for 

the possible factor interactions. A confidence interval of 95 % was used in the analysis. The 

test statistic (F-value) was calculated and the observed significance (P-value) of each 

including factor was determined. The test statistic indicates which factor has the biggest effect 

on the respondent, e.g. the amount of dissolved COD in the supernatant. Higher F-value 

means greater effect on the respondent. The significance level was used to determine if the 
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variance of COD levels in the supernatant was induced by variations in the factors or if they 

were just random effects. 

 

 

6 Results 

6.1 Experimental series I - hot water treatment 

The samples were prepared and treated according to the method explained in 5.2. Figure 2 

shows the results of dissolved organic material from the sCOD-analysis compared to the 

calculated weight-loss in the remaining, dried material. Overall, the sCOD analysis gave 

higher results than the weight loss calculation. The highest levels of dissolved organic 

material, for samples treated in an oil bath for 30 minutes at 220 °C, reached 1.2 g or 24 % of 

the total substance. Untreated samples, denoted Blank, gave 0.26 g, only 5 % of the paper 

weight. For complete results and including parameters see Appendix A-1. 

 

 

Figure 2: Comparison between analysis of soluble COD and weight loss of solid material. 

 

 

The ANOVA in Table 6 shows that the change in COD for the 14 different samples was not 

just random. They were affected of changes in either temperature or treatment time. P-values 

calculated for both factors are below the significance level α = 0.05 and are therefore 

significant for the treatment. Furthermore the ANOVA shows that the interaction between 

temperature and time is larger than α (PINTERACTION = 0.214). This reveals that there is no 

interaction effect of temperature and time on the respondent. Increased temperature (up to 

220 °C) or longer treatment time (up to 30 minutes) will result in higher COD in the soluble 

phase when paper is treated with pressurized hot water. Temperature has a greater effect than 

time according to the test statistic, i.e. F-value. 
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Table 6: A two-way ANOVA table over the samples sCOD analysis results, tested against the factors 

temperature and treatment time. 

 
 

6.2 Experimental series II - hot water and alkali treatment 

The next step was to see which kind of effects the addition of sodium hydroxide would have 

on the sCOD levels. The experiments included pressurized hot water treatment together with 

alkali addition, in the form of NaOH. A diagram over how the sCOD increases by increased 

temperature, increased concentration of added NaOH and increased treatment time is 

presented in Figure 3. The highest level of sCOD was 25,000 mg/l, or 50 %, was obtained by 

treatment conditions of 220 °C, 10 minutes and 2 % (weight/volume) NaOH added. All of the 

results are presented in Appendix A-2.  

 

To find out which factors have the biggest influence on the respondent and if there are any 

interaction effects between them, an ANOVA table was performed, as it is shown in Table 7. 

It only includes samples with the same treatment time of 10 minutes and 5 % TS. The two 

varying factors at this treatment time are temperature (190 ºC and 220 ºC) and NaOH 

concentration (0 % and 2 %). The statistical evaluation shows that both temperature and 

concentration of NaOH have a significant effect on the solubility of paper, with Ptemp = 0.000 

and Pconc = 0.008, respectively. In this experimental series temperature have greater effect on 

the respondent. Furthermore, the ANOVA shows that the interaction is insignificant (P > α). 

This lack of interaction is also revealed by the almost parallel lines between the factor levels, 

as it is shown in Figure 3. 

 

Source DF SS MS F P 

Temp. 2 1407401 703701 39,65 0,000 

Time 1 267379 267379 15,07 0,001 

Interaction 2 59664 29832 1,68 0,214 

Error 18 319439 17747    

Total 23 2053883       
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Figure 3: Results of dissolved organic material (sCOD) from dry milled paper tubes, 50 g/l, treated 

with hot water at various temperatures, treatment times and added concentrations of NaOH. Each 

combination of factor levels shows the mean value of the results of analyses of two samples at each 

treatment condition (samples mixed to a suspension of 100 g/l are excluded from this figure). 
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Table 7: The result of a two-way ANOVA over samples treated for 10 minutes in hot oil bath. It shows the 

significance of the two including factors of temperature and added NaOH concentration, as well as the lack of 

interaction between these two factors regarding the solubilisation of paper. 

Source DF    SS    MS   F    P 

Temp  1 1110050 1110050 115,11 0,000 

NaOH  1 231200 231200 23,97 0,008 

Interaction  1 9113 9113 0,94 0,386 

Error  4 38575 9644 

Total  7 1388938 
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Figure 4: Effect of the treatment on the solubilisation of paper. The Y-axis shows the resulting 

sCOD in mg/l and the X-axis shows the concentrations of NaOH in percent used in the 

treatment. The two levels of temperature are the black (190°C) and red lines (220 °C). Higher 

factor levels increases the amount of sCOD and the almost parallel lines reveals the lack of 

significant interaction effect between the two factors. 

 

6.3 Experimental series III - hot water treatment with addition of alkali or hydrogen 

peroxide or the combination of these chemicals 

In this series of experiments the paper was treated with a combination of alkali and wet 

oxidation in pressurized hot water, using NaOH and H2O2 as added chemicals. Temperature 

and time was set at fixed levels, while the concentrations of NaOH and H2O2 in the samples 

varied between 0 %, 1% and 2 % (weight/volume). The experiments were repeated at two 

different temperatures and treatment times. Figure 5, 6, 7 and 8 show the produced sCOD 

from these treatments. All of the results obtained during this experimental series are presented 

in Appendix A-3. Samples treated only with hot water gave less sCOD than 11,000 mg/l. 

Highest production of sCOD is retrieved using the treatment time 30 minutes and temperature 

220 °C. Addition of 2 % NaOH increased the production of sCOD to at best 28,100 mg/l, 

while addition of 2 % H2O2 produced 13,000 mg/l. The addition of both 2 % NaOH and 2 % 

H2O2 resulted in 31,900 mg/l which is 64 % of the total added paper. Concentrations of 1 % 

of added chemicals gave sCOD up to 24,250 mg/l.  

 

Figure 9 present all the results expressed in mg/l produced sCOD from a suspension of 50 g/l 

dry milled paper tubes. 
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Figure 5: Results of sCOD (Y-axis) obtained from suspensions 

of 50 g/l of dry milled paper tubes treated for 10 minutes at 

220 °C. The X-axis shows the combinations of added chemicals 

and their concentrations. * Samples using 100 g/l suspension. 

 

 

 

Figure 6: Results of sCOD (Y-axis) obtained from a 

suspension of 50 g/l of dry milled paper tubes treated for 

10 minutes at 190 °C. The X-axis shows the combinations of 

added chemicals and their concentrations. * Samples using 

100 g/l suspension. 

 

 

 

Figure 7: Results of sCOD (Y-axis) obtained from a suspension 

of 50 g/l of dry milled paper tubes treated for 30 minutes at 

190 °C. The X-axis shows the combinations of added chemicals 

and their concentrations. 

 

 

 

Figure 8: Results of sCOD (Y-axis) obtained from a 

suspension of 50 g/l of dry milled paper tubes treated for 

10 minutes at 220 °C. The X-axis shows the combinations of 

added chemicals and their concentrations. 
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Figure 9: Production of sCOD expressed in mg/l after treatment in oil bath. A four block experimental design 

with fixed treatment time and temperature and NaOH/H2O2 each varying in three levels. 

 

 

The variations in sCOD due to the concentrations of added chemicals are presented in an 

interval plot in Figure 10. Higher concentrations of NaOH extended the interval while higher 

concentrations of H2O2 reduced the interval. There are no interaction effects between any of 

the factors. Figure 11 is an interaction plot of the data means of the sCOD analysis. The 

almost parallel lines visualise the lack of interactions between the factors. The respondent 

show a tendency towards increased levels of sCOD along with increased levels of any of the 

factors: temperature, treatment time or concentrations of added NaOH or H2O2. 
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Figure 10: Interval plot of sCOD in mg/l on the y-axis and the different concentration levels of added chemicals 

on the x-axis. 

 

 

 
Figure 11: Interaction plot of data means for sCOD from a suspension of dry milled paper tubes, 50 g/l, treated 

with hot water in the presence of added NaOH and/or H2O2. The y-axis shows the produced amount of sCOD. 
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When the temperature was further increased to 250 °C the treatment produced sCOD up to 

42,000 mg/l using factor levels 2 % NaOH and 0 % H2O2. This is showed in Figure 12. In the 

calculated ANOVA (GLM) the higher temperature, 250 °C, is included to the experimental 

design, as it is shown in Appendix A-4. The results from the analysis are presented in Table 8. 

It reveals that the concentration of NaOH is the most important factor, as it is shown from the 

F value of 118.23. Temperature is the second most important factor (F = 9.7) and the 

concentration of H2O2 has a test statistic F of 4.59 which is just within the significance level 

(P = 0.05). The time factor (P = 0.212) is clearly outside of the significance level. The full 

ANOVA table is presented in Appendix B-2. A conclusive diagram in Figure 13 shows the 

result of sCOD in mg/l for all samples treated with any combination of chemical 

concentration. 

 

 

 

Figure 12: Results of soluble COD (Y-axis) obtained from 

5 g of dry paper treated for 10 minutes at 250 °C. The X-axis 

shows the combinations of added chemicals and their 

concentrations. 

 

 

 

Table 8: ANOVA of the results of the 3
rd

 experimental series including an additional temperature level of 

250 °C. 

Source DF Seq SS Adj SS Adj MS  F P 

Temperature 2 2315663 2530889 1265444 9.70 0.002 

Time 1 223493 223493 223493 1.71 0.212 

NaOH 1 15421192 15421192 15421192 118.23 0.000 

H2O2 1 599272 599272 599272 4.59 0.050 
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Figure 13: Produced sCOD in mg/l from five series with fixed treatment times and temperatures and with three 

combinations of chemical concentrations in samples of dry milled paper tubes (50 g/l).  

 

 

 

7 Conclusion and discussion 

Experimental design and optimisation of hydrolysis of paper was carried out with pressurised 

hot water, alkali treatment using sodium hydroxide and wet oxidation using hydrogen 

peroxide, and the combination of these. The highest rate of solubilisation of treated paper 

tubes was achieved with a treatment using 2 % NaOH at 250 °C and 30 minutes. With this 

treatment more than 80 %, or 42 g/l, of the total paperweight (50 g/l) was dissolved. The most 

significant factors on paper solubilisation are the concentration of added sodium hydroxide, 

the treatment temperature and the concentration of hydrogen peroxide, in that order. 

Treatment time is not significant. The study also shows that there is no significant interaction 

effect between any of the including factors, i.e. temperature, treatment time, or the 

concentration of the two added chemicals. 

 

The first experimental series was performed with the purpose to become familiar with the 

method and the equipment. Some minor changes in the preparation and handling of the 

samples were made after this first experiment, all described in Chapter 5. Any effects this had 

on the later experiments would have affected the accuracy of the readings in a positive way. 

The difference between the measured sCOD and the weight loss in the first experiment can be 

explained by the methodological difficulties to maintain a complete separation of the 

supernatant. The measuring of weight loss of the treated material was omitted after the 

screening experiment, when it was determined that these results were in line with the results 

of the sCOD anyway. 
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During the 1
st
 experiment the samples were stored at 6°C in a refrigerator, some hours up to 

three days prior to measuring the sCOD. This could have affected the results of sCOD in 

those samples. 

 

The oil melting point in the bath was about 150 °C which made it difficult to treat the reactors 

at this temperature. A layer of the oil hardened on the surface of the much cooler reactor and 

it did not melt within the first 10 minutes. This made it difficult to remove the reactors after 

only 10 minutes treatment time. Hardened oil was not a problem on the reactors treated for 

30 minutes at 150 °C. Separating of the supernatant was the most difficult part and even 

though the samples were centrifuged several times fragments of un-dissolved material were 

inevitably included. 

 

The washing of samples also contributed to measuring uncertainty. Three times washing and 

separation of supernatants might have caused a larger variation between samples than was the 

actual case. 

 

When using sodium hydroxide in the pretreatment step the substrate may require 

neutralization before it can go into the following anaerobic digestion process. 

 

8 Further research 

Further research can include investigating the effects of higher temperatures and/or higher 

levels of added chemicals to see if the solubility is linear. Further chemical characterisation of 

the supernatants (liquid phase) can be performed to find out the composition of the dissolved 

material. 

 

After the experiments an evaluation of the biogas yield from the supernatants of the pre-

treated samples was conducted at The University of Borås. It resulted in very little difference 

in biogas yield between the samples. The treatment has proven to be effective for dissolving 

paper but it was also shown that at the same time inhibitors were produced affecting the 

biogas production negatively. 

 

The experimental design was fast and simple to perform once it was learned. It can with 

advantage be used for other combinations of factors and pretreatment methods.  

 

Another possible pretreatment method to be optimized for the hydrolysis of paper prior to 

biogas production is steam explosion. In previous research it has been proven to increase the 

exposure of cellulose to microbes. Ammonia explosion (AFAX) and ammonia recycled 

percolation (ARP) are also interesting methods to examine since they have shown high 

delignification effect in several previous studies. 
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 1 

Appandix A 
 

A-1 

Individual samples in the 1
st
 experimental design, hot water pretreatment, their including 

parameters and the results from analysis of soluble COD and the analysis of weight loss.  

The weight loss is calculated as the difference between the treated suspension (50 mg/l milled 

paper tubes) and the remaining solid material after removal of the supernatant and all the 

water. Analysis of soluble organic material, sCOD, was performed in duplicate tubes for each 

sample and the results are also presented as mean vales. 
 

Exp. 
Design 

Sample 
No. 

Temperature 
[°C] 

Time  
[min] 

Paper 
[g/l] 

sCOD 
Tube A 

[g] 

sCOD 
Tube B 

[g] 

sCOD 
mean  

[g] 

Weight 
loss 
  [g] 

I 1 220 10 50 0.719 0.727 0.72 0.73 

I 2 220 30 50 1.229 1.145 1.19 1.15 

I 3 185 10 50 0.432 0.512 0.47 0.46 

I 4 185 30 50 0.816 0.684 0.75 0.57 

I 5 150 10 50 0.380 0.365 0.37 0.29 

I 6 150 30 50 0.609 0.641 0.63 0.39 

I 7 185 10 50 0.904 0.706 0.81 0.48 

I 8 185 30 50 0.710 0.931 0.82 0.68 

I 9 220 10 50 0.992 1.055 1.02 0.78 

I 10 220 30 50 1.303 1.222 1.26 1.26 

I 11 150 10 50 0.404 0.412 0.41 0.37 

I 12 150 30 50 0.435 0.414 0.43 0.68 

I 13 -  -  50 0.400 0.312 0.36 0.25 

I 14 - - 50 0.160 0.176 0.17 0.19 

 

 



 

 2 

A-2 

Results of dissolved organic material, sCOD, from a suspension of 50 mg/l milled paper tubes 

treated with hot water at various temperatures, treatment times and concentrations of NaOH. 

Two samples used a suspension of 100 mg/l. Each factor combination was made with 

duplicate samples. For the first ten samples sCOD was analysed with duplicate tubes, tube A 

and tube B. *Alkali concentration was measured as weight by volume. 

 

Exp. 
design 

Sample 
no. 

Temperature 
(°C) 

Time 
(min) 

Concentration 
NaOH  
(%,)* 

Paper 
(g/l) 

sCOD 
tube A 
(mg/) 

sCOD 
tube B 
(mg/l) 

sCOD 
mean 
(mg/l) 

II 1 190 10 1 50 14 550 14 700 14 630 

II 2 190 15 1 50 17 600 18 000 17 800 

II 3 190 30 1 50 20 350 20 600 20 475 

II 4 190 10 2 50 16 100 16 300 16 200 

II 5 220 10 1 50 20 000 20 500 20 250 

II 6 190 10 1 50 13 950 14 300 14 130 

II 7 190 15 1 50 17 400 17 300 17 350 

II 8 190 30 1 50 19 800 20 100 19 950 

II 9 190 10 2 50 17 850 18 000 17 930 

II 10 220 10 1 50 22 050 21 700 21 880 

II 11 190 10 0 50 4 240 -  4 240 

II 12 220 10 2 50 24 950 -  24 950 

II 13 190 10 0 100 4 430 -  4 430 

II 14 190 10 0 50 4 630 -  4 630 

II 15 190 10 0 100 3 630 -  3 630 

II 16 220 10 2 50 25 250 -  25 250 

II Blank 1 - - - 50 2 080 - 2 080 

II Blank 2 - - - 50 1 700 - 1 700 



 

 3 

A-3 

Paper treated with different combinations of chemical concentrations in a hot oil bath at 

different temperatures and times. The dissolved organic material in each sample was 

measured as COD in the soluble phase. *Chemical concentration was measured as 

weight / volume. 

 

Exp. 
design 

Sample 
no. 

Temperature 
(°C) 

Time 
(min) 

Concentration 
NaOH (%)* 

 
Concentration 

H2O2 (%)* 
Paper 
(g/l) 

sCOD 
(mg/l) 

III 1 220 30 0 0 50 10 920 

III 2 220 30 2 0 50 28 100 

III 3 220 30 0 2 50 13 300 

III 4 220 30 2 2 50 31 900 

III 5 220 30 1 1 50 21 950 

III 6 220 30 1 1 100 32 000 

III 7 190 10 0 0 50 3 500 

III 8 190 10 2 0 50 17 700 

III 9 190 10 0 2 50 12 000 

III 10 190 10 2 2 50 25 100 

III 11 190 10 1 1 50 21 000 

III 12 190 10 1 1 100 25 200 

III 13 190 30 0 0 50 5 680 

III 14 190 30 2 0 50 22 800 

III 15 190 30 0 2 50 12 060 

III 16 190 30 2 2 50 27 200 

III 17 190 30 1 1 50 22 200 

III 18 190 30 1 1 50 21 550 

III 19 220 10 0 0 50 7 420 

III 20 220 10 2 0 50 24 650 

III 21 220 10 0 2 50 13 080 

III 22 220 10 2 2 50 29 600 

III 23 220 10 1 1 50 24 250 

III 24 220 10 1 1 50 22 700 

 

 

A-4 

Extension to the 3
rd

 experimental design which includes a third temperature level. 

 

Exp. 
design 

Sample 
no. 

Temperature 
(°C) 

Time 
(min) 

Concentration 
NaOH (%)* 

 
Concentration 

H2O2 (%)* 
Paper 
(g/l) 

sCOD 
(mg/l) 

III 25 250 10 0 0 50 12 360 

III 26 250 10 2 0 50 42 000 

III 27 250 10 0 2 50 14 310 

III 28 250 10 2 2 50 31 200 

III 29 250 10 1 1 50 21 850 

III 30 250 10 1 1 50 28 300 



 

 4 

Appenxid B 
 

B-1 

ANOVA over dissolved organic material. “Source” is the source of variation, e.g. including 

factors. “DF” is the degree of freedom, “SS” is the sum of squares and “MS” is the mean 

square. “F” is the resulting test statistic and “P” indicates the factors’ significance on the 

respondent. 

 

A two-way ANOVA of the 1
st
 design: soluble COD tested against two factors, time and 

temperature, at two and three levels respectively. 
 
Source       DF       SS      MS      F      P 

Temperature   2  1407401  703701  39,65  0,000 

Time          1   267379  267379  15,07  0,001 

Interaction   2    59664   29832   1,68  0,214 

Error        18   319439   17747 

Total        23  2053883 

S = 133,2   R-Sq = 84,45%   R-Sq(adj) = 80,13% 

 

 

Individual 95% CIs For Mean Based on Pooled StDev 

 

Temp.     Mean  --+---------+---------+---------+------- 

150     457,68  (----*----) 

185     711,73               (----*----) 

220    1048,90                               (----*----) 

                --+---------+---------+---------+------- 

                400       600       800      1000 

 

 

Individual 95% CIs For Mean Based on Pooled StDev 

 

Time     Mean  -----+---------+---------+---------+---- 

10    633,883  (-------*-------) 

30    844,983                       (-------*--------) 

               -----+---------+---------+---------+---- 

                  600       700       800       900 

 



 

 5 

B-2 

A general linear model of the 3
rd

 design extended with a third temperature level. 

 
Factor Type Levels Values 

Temperature fixed  3 190; 220; 250 

Time fixed 2 10; 30 

NaOH fixed 2 0; 2 

H2O2 fixed 2 0; 2 

 
Analysis of Variance for Respondent, using Adjusted SS for Tests 

Source DF Seq SS Adj SS Adj MS  F P 

Temperature 2 2315663 2530889 1265444 9.70 0.002 

Time 1 223493 223493 223493 1.71 0.212 

NaOH 1 15421192 15421192 15421192 118.23 0.000 

H2O2 1 599272 599272 599272 4.59 0.050 

Error 14 1826107 1826107 130436   

Total 19 20385727     
S = 361.160  R-Sq = 91.04% R-Sq(adj) = 87.84% 

 
Unusual Observations for Respondent 

Obs Respondent Fit SE Fit Residual St Resid 

18 4200.00 3201.75 213.66 998.25 3.43 R 
  R denotes an observation with a large standardized residual. 


