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Abstract 

Wastewaters from pulp and paper industry contains a lot of organic compounds, which today are 

oxidized by an energy consuming aerobic treatment method before it is discharged into the 

recipient. However, due to the high concentration of organic compounds there is potential for 

producing biogas. Anaerobic digestion where the energy carrier methane is produced can be used 

instead of aerobic treatment. The methane yields are low when anaerobic digestion is applied on 

untreated wastewaters, due to organic material that is difficult to degrade biologically and inhibiting 

compounds. By pre-treating the wastewaters the organic material can be more biodegradable and 

the toxicity might also be reduced, and thereby increase the methane yield. 

Three pre-treatment methods were used on wastewaters from a pulp and paper mill with different 

characters; wastewater from an alkali bleaching step (EOP), wastewater from a neutral-sulfite semi-

chemical process (NSSC) and pre-sedimentation (PS) wastewater from wastewater treatment. The 

pre-treatment methods were; pre-acidification reactor, Fast Acting Digesting Enzymes (FADE©) and 

the photo-Fenton reaction. The efficiency of the pre-treatment methods was evaluated as the 

methane yield in a methane production batch experiment. The biodegradability was also evaluated 

in production of soluble organic compounds (VFA and dissolved TOC).  

Pre-treatment in the pre-acidification reactor increased the methane yield for NSSC wastewater 

(with 27% in 37 °C) and pre-sedimentation wastewater (with 50% in 19 °C and 125% in 37 °C), but not 

for EOP wastewater. Also the initial methane production rate increased for NSSC wastewater and 

pre-sedimentation wastewater. Pre-treatment with the FADE© of EOP wastewater increased the 

methane yield slightly while there was no change in methane yield for pre-sedimentation 

wastewater. The FADE© setup that was tested did not suit the used wastewaters. The methane yield 

did not increase after pre-treatment of EOP wastewater with the photo-Fenton reaction either. 
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Sammanfattning 

Avloppsvatten från pappersmassaindustrin innehåller mycket organiska föreningar. Dessa organiska 

föreningar oxideras idag med en mycket energikrävande aerob behandlingsmetod innan den släpps 

ut i recipienten. Det finns emellertid potential att producera biogas på grund av den höga 

koncentrationen av organiska föreningar. Rötning där energibäraren metan produceras kan användas 

istället för aerob rening. Metanpotentialen är låg när rötning appliceras på obehandlade 

avloppsvatten, detta på grund av organiskt material som är svårt att bryta ned biologiskt och 

inhiberande föreningar. Genom förbehandling av avloppsvatten kan den biologiska nedbrytbarheten 

ökas och även toxiciteten kan minska och därigenom öka metanutbytet. 

 

Tre förbehandlingsmetoder användes på avloppsvatten från ett pappersmassabruk med olika 

karaktär; avloppsvatten från det alkaliska blekningssteget (EOP), neutral-sulfit semi-kemiska 

processen (NSSC) och för-sedimenteringen (PS). Förbehandligsmetoderna som användes var 

förhydrolysreaktor, FADE© och foto-Fentonreaktionen. Effektiviteten hos förbehandligsmetoderna 

utvärderades som produktion av metan i ett batch-rötningsexperiment. Den biologiska 

nedbrytbarheten utvärderades också som produktion av lösliga organiska föreningar (fettsyror och 

löst TOC). 

 

Förbehandling i förhydrolysreaktorn ökade metanpotentialen för NSSC avloppsvattnet (med 27% i 37 

°C) och för-sedimenteringsavloppsvattnet (med 50% i 19 °C och 125% i 37 °C), men inte för EOP 

avloppsvattnet. Även den initiala metanproduktionshastigheten ökade för avloppsvattnen NSSC and 

försedimentering. Förbehandling av EOP-avloppsvattnet ökade metanpotentialen ytterst lite, medan 

det inte var någon förändring för för-sedimenteringsavloppsvattnet. FADE©-uppställningen som 

prövades passade inte heller för något av avloppsvattnen. Metanpotentialen ökade inte efter 

förbehandling av EOP-avloppsvattnet med foto-Fentonreaktionen. 
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Terminology 

Pre-acidification A pre-treatment method used before the methane producing step to 

increase the concentration of soluble organic compounds 

FADE© Fast Acting Digesting Enzymes used in a pre-treatment step before the 

methane producing step to increase the concentration of soluble 

organic compounds 

Photo-Fenton reaction A reaction where Fe(II) and UV irradiation catalyzes production of 

hydroxyl radicals from hydrogen peroxide, used as a pre-treatment 

method to increase the concentration of soluble organic compounds 

TOC/dissolved TOC Total organic carbon/ The soluble part of the total organic carbon 

COD/dissolved COD Chemical oxygen demand/ The soluble part of the chemical oxygen 

demand 

BOD Biological oxygen demand 

Methane yield The amount of methane produced in mL methane/ g COD determined 

in a methane production batch experiment 

MP batch experiment Methane production batch experiment 

EOP wastewater Wastewater from an alkali bleaching step in pulp and paper production 

that has been used as a substrate for biogas production in the project 

NSSC wastewater Wastewater from a neutral Sulfite Semi-chemical pulp process (a pulp 

produced in two steps, first a chemical treatment step and then a 

mechanical) that has been used as a substrate for biogas production in 

the project 

BS Biological sludge from the biological wastewater treatment that has 

been used as a substrate for biogas production in the project 

PS Wastewater from pre-sedimentation from wastewater treatment that 

has been used as a substrate for biogas production in the project 

TS/VS  Total solids/ Volatile solids 

GC-FID  Gas chromatograph with a flame ionization detector 

VFA/Sum VFA Volatile fatty acids/A sum parameter of the VFA determined with GC-

FID 

Leca® spheres  The carrier material used in the setup for pre-treatment with FADE© 

MODDE© Modeling of Design, a software from Umetrics (Sweden) that has been 

used to evaluate data from design of statistical experiments  



v 
 

Table of contents 

1. Introduction ..................................................................................................................................... 1 

1.1 Aim................................................................................................................................................. 1 

1.2 Strategy ......................................................................................................................................... 1 

1.3 Hypothesis ..................................................................................................................................... 2 

2. Background ...................................................................................................................................... 3 

2.1 Pulp and paper industry ................................................................................................................ 3 

2.1.1 Biogas potential within pulp and paper industry ................................................................... 3 

2.1.2 Wood components ................................................................................................................. 3 

2.1.3 Pulp and paper production ..................................................................................................... 4 

2.2 Anaerobic digestion ....................................................................................................................... 4 

2.2.1 The biochemical steps in anaerobic digestion ....................................................................... 4 

2.2.2 Parameters affecting anaerobic digestion ............................................................................. 5 

2.3 Pre-treatment methods ................................................................................................................ 7 

2.3.1 Pre-acidification reactor ......................................................................................................... 7 

2.3.2 FADE© ..................................................................................................................................... 7 

2.3.3 Photo-Fenton reaction ........................................................................................................... 8 

3. Material and methods ................................................................................................................... 10 

3.1 Wastewaters and sludge ............................................................................................................. 10 

3.2 Methane production (MP) batch experiment ............................................................................. 11 

3.3 Analysis methods ......................................................................................................................... 11 

3.4 Pre-treatment methods .............................................................................................................. 12 

3.4.1 Pre-acidification reactor ....................................................................................................... 12 

3.4.2 FADE© ................................................................................................................................... 14 

3.4.3 Photo-Fenton reaction ......................................................................................................... 16 

3.5 Software ...................................................................................................................................... 18 

4. Results ........................................................................................................................................... 19 

4.1 Pre-acidification reactor .............................................................................................................. 19 

4.1.1 Experiment 1 ........................................................................................................................ 19 

4.1.2 Experiment 2 ........................................................................................................................ 20 

4.1.3 MP batch experiment 1 ........................................................................................................ 20 

4.2 FADE© .......................................................................................................................................... 22 

4.2.1 Optical density during activation of FADE© .......................................................................... 22 

4.2.2 Addition of substrate to active FADE© ................................................................................. 23 



vi 
 

4.2.3 MP batch experiment 2 ........................................................................................................ 26 

4.3 Photo-Fenton reactions ............................................................................................................... 29 

4.3.1 Experiment 1 – optimization of reaction parameters .......................................................... 29 

4.3.2 Experiment 2 – Optimization towards higher methane yield .............................................. 32 

4.3.3 MP batch experiment 3 ........................................................................................................ 34 

5. Discussion ...................................................................................................................................... 36 

5.1 Pre-acidification reactor .............................................................................................................. 36 

5.1.1 Lignin’s effect on pre-treatment in the pre-acidification reactor ........................................ 36 

5.1.2 Improvements of the pre-acidification reactor .................................................................... 36 

5.2 FADE© .......................................................................................................................................... 37 

5.2.1 pH and production of VFA .................................................................................................... 37 

5.2.2 FADE© set up ......................................................................................................................... 38 

5.2.3 MP batch experiment ........................................................................................................... 39 

5.3 Photo Fenton reaction ................................................................................................................. 39 

5.3.1 Evaluation in MODDE© ......................................................................................................... 39 

5.3.2 Changes in COD, TOC, absorbance and VFA ......................................................................... 40 

5.3.3 Methane production ............................................................................................................ 40 

6. Conclusions .................................................................................................................................... 42 

References ............................................................................................................................................. 43 

Acknowledgements ............................................................................................................................... 36 

Appendices ............................................................................................................................................ 37 

 

 

  

 



1 
 

1. Introduction 

The energy requirements rely on fossil fuels today. The consumption of fossil fuels has a negative 

impact on the environment and they will eventually be depleted. It is therefore important to find 

renewable resources of energy and try to use them optimally. Biogas is a renewable energy source 

which is formed during anaerobic digestion. An advantage with production of biogas is that the 

substrates used are often waste products, such as manure, agricultural wastes and industrial 

wastewaters. 

Wastewater from pulp and paper industry is possible to use as a substrate for biogas production, due 

to large amounts of waters polluted with organic compounds. The wastewater is treated aerobically 

today to decrease the amount of organic compounds before discharging it out into the recipient. The 

aerobic treatment leads to high energy consumption and costs (Sierra-Alvarez, et al., 1990). Instead, 

the pulp and paper industry could use the organic compounds in the wastewater for generation of 

biogas, which can be used as an energy carrier at the mill or be sold. 

The organic compounds in the wastewaters from pulp and paper industry are partly present as 

compounds that are difficult to degrade biologically or that are known to inhibit anaerobic digestion. 

A solution to this problem needs to be found before wastewaters from pulp and paper industry can 

be used in full scale biogas production. Pre-treatment of the wastewaters is suggested to increase 

the biodegradability and decrease the amount of toxic compounds, thereby increase the methane 

yield.  

Methods for pre-treatment with a pre-acidification reactor, FADE© and photo-Fenton reaction are 

developed and evaluated in this project. Pre-acidification is performed in two different ways, in the 

pre-acidification reactor and with the FADE©. In the pre-acidification reactor is an environment 

created where hydrolytic and fermenting microorganisms can thrive and oxidize the organic 

compounds. In pre-treatment with FADE© will hopefully the active Fast Acting Digesting Enzymes 

that are added to the substrate in the experiment oxidize the organic compounds. In the chemical 

pre-treatment method, the photo-Fenton reaction, generation of hydroxyl radicals is used to oxidize 

the organic compounds.  

1.1 Aim 

The aim of this project is to evaluate if pre-treatment, with a pre-acidification reactor, FADE© and the 

photo-Fenton reaction, of wastewaters from a pulp and paper mill, can increase the amount of 

soluble organic compounds and thereby increase the methane yield in anaerobic digestion.  

1.2 Strategy 

The strategy was to develop methods for pre-treatment of wastewaters from a pulp and paper mill 

with a pre-acidification reactor, FADE© and the photo-Fenton reaction. The development of the pre-

treatment methods occurred in several experiments where different parameters where evaluated. 

These experiments led to one last experiment for each pre-treatment method where the methane 

yields were evaluated. 
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1.3 Hypothesis 

The concentration of soluble organic compounds will increase, and thereby increase the methane 

yield, after pre-treatment of wastewaters from pulp and paper industry with pre-acidification, FADE© 

and the photo-Fenton reaction.   
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2. Background 

2.1 Pulp and paper industry 

2.1.1 Biogas potential within pulp and paper industry 

The pulp and paper industry is a very water-intensive industry which leads to production of large 

amounts of wastewater. The wastewater is polluted with remainder of raw material, chemicals and 

process products. Most of the pollutions are organic compounds which are more or less 

biodegradable. The characteristics of the wastewater depend on the type of pulp and paper process, 

process conditions and raw material. The wastewater is pre-treated to reduce the amount of organic 

and toxic compounds before it is discharged out in the recipient. Discharge of wastewater from pulp 

and paper industry can lead to problems like toxicity, oxygen deficiency and eutrophication. Aerobic 

treatment of wastewater is common today, especially the activated sludge process. A disadvantage 

with aerobic treatment is the high cost and energy consumption, due to the need of aeration. 

(Pokhrel & Viraraghavan, 2004) 

Anaerobic pre-treatment of wastewater from the pulp and paper industry is not as widely used as 

aerobic pre-treatment, even though it has several advantages. Introducing anaerobic pre-treatment 

decreases the amount of consumed energy and instead methane is produced. The production of 

sludge is also less in anaerobic pre-treatment. (Pokhrel & Viraraghavan, 2004) The methane yield in 

anaerobic digestion of pulp and paper mill wastewater is low due to compounds in the water that are 

difficult to degrade, are non-biodegradable or inhibit the microorganisms. Even though there is 

potential of producing biogas from pulp and paper mill wastewater, the technique needs to be 

further developed and optimized before it can be efficient in full scale biogas production (reviewed 

by Rintala and Puhakka, 1994). 

2.1.2 Wood components 

Wood consists of a three-dimensional network of cellulose, hemicellulose, lignin and extractives. 

Cellulose and hemicellulose accounts for 55-70%, which is the largest part of the wood dry weight, 

but it is the lignin and extractives that cause most problems within anaerobic digestion. (Ek, et al., 

2009) 

Lignin is a polymer that gives strength to the wood by fixating cellulose and hemicellulose together 

and it accounts for 18-35% of the wood dry weight. Lignin is a three-dimensional and very stable 

polymer consisting of substituted phenolic units (Rowell, 2005) (Ek, et al., 2009). Cellulose and 

hemicellulose are biodegradable, but when it exists in the three-dimensional network together with 

lignin it is difficult for the microorganisms to utilize the carbon (Malherbe & Cloete, 2002). 

Wood extractives are chemicals in the wood that can be extracted using different solvents and only 

accounts for a few percentages of the wood dry weight. The most important wood extractives within 

pulp and paper industry are the so called wood resins. Wood resins are the lipophilic part of the 

extractives and they can be divided into three main groups; aliphatic compounds, terpenes and 

phenolic extractives. (Ek, et al., 2009) 

  



4 
 

2.1.3 Pulp and paper production 

The fundamental steps in pulp and paper production are pre-treatment, pulp production and 

bleaching. The production of pulp starts with limbing and debarking of the trees, followed by 

chipping, to convert the wood into smaller pieces. The pulp is then produced by separating 

hemicellulose and lignin from the cellulose in a pulping step. The pulp has a brownish color, which 

can be reduced by bleaching. Bleaching is followed by a washing step where the bleaching agents are 

removed and then the pulp is ready for production of paper. (Danielsson, 1996)  

Chemical pulping and bleaching 
Chemical pulping can occur in either an acidic or alkali environment. The Kraft (or sulfate) pulp 

process is mostly used today due the chemical recovery and it results in a high-strength pulp (Ek, et 

al., 2009). The pulp is produced in an alkali environment where the cooking solution consists of two 

active chemicals; sodium hydroxide and sodium sulfide. The sodium hydroxide degrades the 

cellulose, hemicellulose and lignin compounds to smaller and more soluble fragments, while the 

sodium sulfide prevents condensation between the lignin residues. The sulfite process occurs in an 

acidic environment where sulfurous acid and bisulfide ions are used to dissolve the lignin from the 

cellulose and hemicellulose (Danielsson, 1996). The sulfite pulp process can be followed by a 

mechanical step to increase the efficiency of the pulping. In the neutral sulfite semi-chemical (NSSC) 

pulp process the sulfite process is used in a neutral environment to remove parts of the lignin and it 

is then followed by a mechanical step to separate the fibers (reviewed by Pokhrel et al., 2004). 

The lignin is only removed to a certain extent in the pulping step, a lignin content of 1-8% is often left 

(Biermann, 1996), and that is why the pulp has a brownish or yellowish color. Bleaching is done to 

make the pulp brighter by influencing the chromophores in the lignin or by removing the lignin. The 

bleaching step for chemically produced pulps mostly involves removing some of the lignin. There are 

several different bleaching methods used. The methods that are commonly used today are oxygen 

delignification (O), chloride dioxide- (D), hydrogen peroxide- (P), and ozone bleaching (Z). In the 

chloride dioxide bleaching step the lignin in the pulp is made more water soluble by oxidation. This 

step is usually followed by an alkali-step (E) where hydrogen peroxide and oxygen is added to extract 

part of the lignin that did not become water soluble in the first step, this bleaching step is usually 

called EOP. (Danielsson, 1996) 

2.2 Anaerobic digestion 

Anaerobic digestion is a complex process where several different microbial species take part in 

degradation of organic material. The digestion depends among others on pH, temperature, organic 

content and toxic compounds.  

2.2.1 The biochemical steps in anaerobic digestion 

Anaerobic digestion is divided into four steps; hydrolysis, fermentation, acetogenesis and 

methanogenesis. A schematic view is shown in Figure 1. 
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Figure 1. Schematic view of the biochemical steps in anaerobic digestion. Modified from Schnürer and Jarvis, 

2009. (Schnürer & Jarvis, 2009) 

Hydrolysis is the first step in anaerobic digestion where complex organic material (fat, proteins and 

carbohydrates) is broken down to soluble organic material (amino acids, smaller sugars, fatty acids 

and alcohols). Hydrolysis is very often the rate limiting step in anaerobic digestion and it occurs both 

in aerobic and anaerobic environments, where the hydrolysis end products differ. The second step is 

fermentation, also called acidogenesis, where the soluble organic material is fermented to acetate, 

hydrogen gas, carbon dioxide, volatile fatty acids and alcohols. Fermentation is followed by 

acetogenesis where the fermentation products are converted to hydrogen gas, carbon dioxide and 

acetate. The hydrogen gas pressure needs to be low for the acetogenesis to be thermodynamically 

favorable. The solution is syntrophy, where the methanogenic microorganisms consume the 

hydrogen gas and thereby keep the pressure low. Methanogenesis is the fourth and last step in 

anaerobic digestion where hydrogen gas, carbon dioxide and acetate are converted to biogas which 

normally consists of 50-70% methane and 30-50% carbon dioxide. (Reviewed by Schnürer and Jarvis, 

2009) 

2.2.2 Parameters affecting anaerobic digestion 

Temperature 
Anaerobic digestion can occur in a wide temperature range, from 0 up to around 70 °C, but the 

methane yield varies a lot within this temperature range (Reith, et al., 2003). There are three 

different temperature intervals where methanogenic microorganisms are active; psychrophilic (0-20 
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°C), mesophilic (25-40 °C) and thermophilic (50-60 °C) (Seadi, et al., 2008). Mesophilic conditions are 

widely used today within anaerobic digestion, because the process is robust and less energy is 

needed compared to a thermophilic process (reviewed by Schnürer and Jarvis, 2009).  

pH and alkalinity 
Biogas can be produced in the pH interval 5.5-8.5. Methanogens thrive in pH 7-8 and growth 

decreases a lot above or under this interval. Fermenting and hydrolytic microorganisms often thrive 

in pH under 7 (even down to pH 5). Several intermediates and products produced in the process can 

affect the pH and alkalinity. A high buffer capacity is therefore preferable to obtain a robust process. 

(Reviewed by Schnürer and Jarvis, 2009) 

Organic loading, TOC and COD 
The organic loading rate is defined as the organic material that is added to a reactor per time unit 

and volume (kg COD/m3 and day) (reviewed by Schnürer and Jarvis, 2009). Total organic carbon 

(TOC), chemical oxygen demand (COD) and biochemical oxygen demand (BOD) are often used to 

specify the organic material in wastewater (Devi, et al., 2010).  

Inhibiting compounds 
The complexity of anaerobic digestion can create imbalance in the process and it can be inhibited for 

several reasons. The methanogenic microorganisms are most sensitive to inhibition. Substances that 

can cause inhibition are both intermediates and products within the anaerobic digestion, for example 

ammonia, sulfides and several organic compounds, and substances directly present in the substrates, 

for example heavy metals and organic compounds. (Reviewed by Schnürer and Jarvis, 2009) The 

substances toxicity and to what extent they inhibit anaerobic digestion depends on the substance 

concentration, acclimation, exposure time, biomass concentration etc. The microorganisms in a 

process that has been inhibited can adapt to the toxicant and the process can recover, but this is not 

always the case. (Reviewed by Chen et al., 2007) (Chen, et al., 2007) 

Wastewater from pulp and paper industry contains several inhibiting substances and most of them 

are organic material that is biodegradable to a certain extent. Examples of organic compounds that 

can inhibit anaerobic digestion are; chlorophenol, halogenated aliphatics, long chain fatty acids and 

lignin. Most of the inhibiting substances within the pulp and paper industry derive from extractives 

and lignin in the wood (reviewed by Chen et al., 2007).  

The concentration of lignin and in what form it exists affects anaerobic degradation. Low molecular 

weight lignin can be anaerobically degraded (Yin, et al., 2000), while high molecular weight lignin 

cannot because the structures are too stable (Vidal & Diez, 2005). Also the structure of lignocellulose 

is stable enough for it not to be biodegradable (Malherbe & Cloete, 2002). Even though anaerobic 

degradation is limited to low molecular weight lignin, many of the lignin compounds are more or less 

toxic to the methanogens and inhibition of the process can occur (Yin, et al., 2000) (Sierra-Alvarez, et 

al., 1994) (Sierra-Alvarez, et al., 1990). 

Fe(III) has been shown to inhibit the methanogenesis. Inhibition occurs under iron reducing 

conditions where Fe(III)-reducing microorganisms and methanogenic microorganisms compete for 

the same substrates. The methanogenic microorganisms can easily be outcompeted by the Fe(III)-

reducing microorganisms. Direct inhibition in presence of Fe(III) can also occur due to the redox 

potential. (Bodegom, et al., 2004) Inhibition can be avoided by adding sulfide that forms a precipitate 
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with Fe(III), but addition of large amounts should be avoided because hydrogen sulfide which also 

inhibit methanogenesis can be formed (review by Chen et al., 2007). 

2.3 Pre-treatment methods 

The toxic and non-degradable organic compounds in the wastewater from pulp and paper industry 

can by different pre-treatment methods become biodegradable and thereby increase the methane 

yield of the substrate (reviewed by Schnürer and Jarvis, 2009). 

2.3.1 Pre-acidification reactor 

Pre-treatment with a pre-acidification reactor is a method where the different steps in anaerobic 

digestion are separated into two reactors. Hydrolysis and fermentation, the first part of anaerobic 

digestion, occurs in the pre-acidification reactor. An advantage with introducing a pre-acidification 

reactor is that an environment can be created where the hydrolyzing and fermenting microorganisms 

thrive. Hydrolysis is often the rate-limiting step and by enhancing the hydrolysis a higher methane 

yield might be obtained. Previous studies (reviewed by Persson et al., 2010) show that the methane 

yield can be increased by pre-treatment of substrates containing toxic, inhibiting and hard-degraded 

compounds by performing pre-acidification. Pre-treatment of sisal pulp waste in a pre-acidification 

reactor has also been performed with results showing that the methane yield increased after pre-

treatment (Mshandete, et al., 2005). 

Optimal process conditions in the pre-acidification reactor vary among substrates. Some important 

process conditions are pH, temperature, retention time and organic loading rate. The large flows of 

wastewater within the pulp and paper industry indicate that the retention time in the pre-

acidification reactor needs to be short, otherwise the reactors will have to be very large (reviewed by 

Schnürer and Jarvis, 2009). Another reason for having a short retention time is because growth of 

methanogens can be avoided. pH in the pre-acidification reactor is neutral or lower and it is often 

self-regulated. pH decreases due to production of acidic compounds during hydrolysis and 

fermentation. Hydrolysis and fermentation production rates increase with increasing temperature. 

Methanogenic growth can also be avoided by having aerobic conditions in the pre-acidification 

reactor. A problem that can occur with aerobic conditions is loss of carbon due to production of 

carbon dioxide. (Reviewed by Persson et al., 2010) (Persson, et al., 2010) 

2.3.2 FADE© 

Pre-treatment with FADE©, Fast Acting Digesting Enzymes, is similar to the pre-acidification reactor. 

Hydrolysis and fermentation is performed by fast acting digesting enzymes in an aerobic pre-step to 

increase the amount of soluble organic compounds and thereby increase the methane production. A 

study has shown that the enzymes in the FADE© can degrade extractives in wastewater from a 

debarking step (Spikes and Cogs, Sweden). (Spikes & Cogs, 2012) 

FADE© was used in a setup, shown in Figure 2 for a schematic view. The FADE© is activated in a 

FADE© tank, while the substrate is aerated in a substrate tank. The active FADE© is mixed with the 

substrate in a mixing tank. The FADE©-substrate solution circulates from the mixing tank to a reactor 

tank with a carrier material and then back to the mixing tank. Mixing in the mixing tank occurs due to 

flows in different directions. The FADE© is supposed to form a biofilm on the carrier material, while 

the FADE©-substrate solution flows through it. The organic material in the substrate is supposed to 

be hydrolyzed and fermented when it passes the biofilm by the fast acting digesting enzymes. New 
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active FADE© needs to be added to a continuous system to maintain the biofilm. (Spikes and Cogs, 

Sweden) 

 
Figure 2. Model for pre-treatment with FADE

©
. The enzymes are activated in the FADE

©
 tank during stirring 

and aeration, and the substrate is also aerated in a separate substrate tank before it is mixed in the mixing 

tank. The substrate and the enzymes circulate from the mixture tank through the carrier material and then 

back to the mixture tank. A biofilm is formed on the carrier material, where hydrolysis and fermentation are 

supposed to occur.  

The advantage with this type of pre-treatment is that the microorganisms in the biofilm are retained 

and it is easier to establish contact between the microorganisms and the organic material. Other 

advantages are that the microorganisms might be less vulnerable because they can adapt to toxic 

compounds and the microorganisms are more protected in the biofilm (reviewed by Schnürer and 

Jarvis, 2009). 

2.3.3 Photo-Fenton reaction 

Photo-Fenton reaction has been shown to be useful in wastewater treatment, because the process 

can degrade many organic compounds in wastewaters that are biologically non-degradable or toxic 

(Ghaly, et al., 2001). The process is most suitable for wastewater with a low COD concentration, 

otherwise the method will be expensive due to high concentrations of Fenton reagents (reviewed by 

Pera-Titus et al., 2004). The Fenton reagents in the process are ferrous ions that act as catalyst, 

hydrogen peroxide that act as oxidizing agent and UV irradiation that contribute with energy. 

Hydroxyl radicals with very high oxidation potential are formed when ferrous iron reacts with 

hydrogen peroxide (1). (Ghaly, et al., 2001) The reaction rate of the Fenton reaction is often limited 

by the ferrous ion concentration and the system’s ability to regenerate ferrous ions. The advantage 

with photo-Fenton reaction is that the UV irradiation accelerates the reaction rate of recycling 

ferrous ions and formation of hydroxyl radicals. (Devi, et al., 2010) (Pera-Titus, et al., 2004) 

Initial photo-Fenton reaction: 

  +  + ℎ	 → 	 +	 +	∙            (1) 
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The organic compounds are completely mineralized, to carbon dioxide and water by the hydroxyl 

radicals (reviewed by Pera-Titus et al., 2004). Several intermediate compounds are formed before 

total oxidation has occurred. Most of the intermediates are oxidized faster than the original 

compounds, which results in a low maximum concentration of intermediates. The ring structures of 

aromatic compounds, for example lignin and some extractives, can be opened by this process which 

makes them more available for biological degradation and less toxic. (Tarr, 2003) (Pichat, 1997) 

According to a review by Pera-Titus et al. (2004) some organic compounds cannot be fully oxidized by 

the photo-Fenton reaction, these include short-chain carboxyl compounds (acetic-, maleic- and oxalic 

acid, and acetone etc.). 

The efficiency of degradation with the photo-Fenton reaction depends mostly on reaction time, 

initial pH and initial concentrations of ferrous ions and hydrogen peroxide. Several studies have been 

made with the purpose to optimize the parameters towards total oxidation of organic and toxic 

compounds (Devi, et al., 2010), (Xu, et al., 2007), (Ghaly, et al., 2001), (Pera-Titus, et al., 2004). 

Optimization of the reaction parameters towards increasing the biodegradability and total reduction 

of organic compounds have been performed (Jamil, et al., 2010), but not towards increasing the 

anaerobic biodegradability. Generally, the higher hydrogen peroxide concentration the more 

effective is the reduction of organic compounds. Degradation slows down when the hydrogen 

peroxide is consumed. The amount of iron needed, to obtain effective degradation, depends on the 

structure of the organic compounds that are supposed to be degraded. The ratio between iron added 

and hydrogen peroxide is suggested to be 5-25 parts hydrogen peroxide per 1 part iron (w/w) for 

optimal degradation. (Reviewed by Pera-Titus et al., 2004) The rate of generation of hydroxyl radicals 

is highest at pH 3 (Devi, et al., 2010). The reaction time studied varies from 5 minutes to several 

hours, but most of the degradation occurs within the 15 first minutes (Xu, et al., 2007).  
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3. Material and methods 

Four wastewaters from a pulp and paper mill were used to develop methods for pre-treatment with 

a pre-acidification reaction, FADE© and the photo-Fenton reaction. The performances of the pre-

treatment methods were evaluated by the increase of soluble organic compounds (sum VFA and 

dissolved TOC and COD) and by the methane yield (mL methane/ g COD). One or a few experiments 

were performed for each pre-treatment to improve the method before performing the final 

experiment where the methane yield was evaluated. The tables and figures that are presented in the 

appendices are presented as table A.1 or figure A.1, the number tells what figure or table it is 

presented in and the letter in which appendix it can be found. 

3.1 Wastewaters and sludge 

The tested wastewater streams were; 1. wastewater from the alkali bleaching step (EOP), 2. 

wastewater from the incoming pre-sedimentation (PS) and 3. biological sludge from the wastewater 

treatment (BS). These three streams were chosen as substrates because of their different 

characteristics. Wastewater from the neutral sulfite semi-chemical process (NSSC) where fluting is 

produced at the mill was chosen as a positive control because it has been shown to have about 60% 

reduction of TOC in a MP batch experiment. All four wastewaters were used in the tests with the two 

biological pre-treatment methods (pre-acidification and FADE©). Only wastewater from EOP was 

used for the photo-Fenton reaction pre-treatment method, because the wastewater is used in 

experiments with a UASB reactor (not included in this project). It also has high lignin content and low 

total TOC. The characteristics of the wastewaters are presented in Table 1. 

Table 1. Characterization of the four wastewaters (EOP, NSSC, PS and BS) from a pulp and paper mill. The 

parameters that characterize the wastewaters are pH, TOC, COD, dissolved TOC and COD (1.6 µm filter 

paper), iron, extractives and lignin.  

  EOP NSSC PS BS 

pH (25 °C) 11 7 7 6 

TOC (mg/L) 626 ± 5 1342 ± 3 1069 ± 4 1761±1 

Dis. TOC (mg/L) 614 ± 3 924 ± 5 169 ± 1 95±0 

COD (mg O2/L) 1438 ± 1 4538 ± 4 3785 ± 1 9287±2 

Dis. COD (mg O2/L) 1426 ±1 2802 ± 3 549 ± 0 92±0 

Iron Fe (mg/L) 0,2
a 

0,4
a 

 Extractives (mg/L) 112
b 

206
b 

Lignin (mg/L) 490
b 

320
b 

    
a Analysis performed by Eurofins Sweden AB (Lidköping) 
b Analysis performed by Svenska Cellulosa Aktiebolaget (SCA, Sundsvall) 

Wastewater from the bleaching step (EOP) was collected every week and stored in 4 °C until the 

experiments started, except for the last photo-Fenton reaction experiment where the substrate had 

been stored for a month before it was used. However, less than 1% reduction of COD had occurred 

during storage (data not shown). Wastewaters from NSSC, pre-sedimentation (PS) and biological 

sludge from wastewater treatment were collected once and were stored for a month in 4 °C (changes 

in COD were not evaluated).  
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Primary sludge, biological sludge and digested sludge were used as inoculums and were collected at 

Nykvarn sewage treatment plant (Tekniska Verken, Linköping) the same day as it was used in a new 

experiment. Biological sludge, that was used as a substrate, was collected at the pulp and paper mill 

at the same day as the first experiment with this substrate started and then it was stored in 4 °C for 

experiments performed a few days later (changes in COD were not evaluated). 

3.2 Methane production (MP) batch experiment 

Three MP batch experiments were performed to evaluate the methane yields of pulp and paper 

wastewaters after pre-treatment with a pre-acidification reactor (batch 1), FADE© (batch 2) and 

photo-Fenton reaction (batch 3). 

The MP batch experiment was performed in 250 mL bottles sealed with rubber stoppers and caps. 

Each sample bottle contained 137 mL substrate, 3 mL nutrition solution (with 0.5 mM MgCl2, 5.6 mM 

NH4Cl, 5.1 mM NaCl, 0.8 mM CaCl2), 10 mL digested sludge as inoculum (Tekniska Verken, Linköping) 

and 0.5 mL 100 mM Na2S-solution (an oxygen reducing solution). The substrate was added to the 

bottles followed by the nutrition solution and the inoculum, during flow of N2-gas. The bottles were 

then sealed with a rubber stopper and a cap. The gas-phase in the bottles was switched to 80% N2 

and 20% CO2. 0.5 mL Na2S-solution was added to the bottles with a needle through the rubber 

stopper. Triplicates were made for each substrate. 

Three controls were prepared in triplicates: 

• An inoculum control to determine the methane production from the inoculum. (137 mL 

oxygen-free deionized water, 3 mL nutrition solution, 10 mL inoculum and 0.5 mL Na2S-

solution) 

• A positive control to determine if the inoculum was active. The experiment could be 

approved if the methane potential reached 70% of the theoretical methane potential. (137 

mL oxygen-free deionized water, 3 mL nutrition solution, 10 mL inoculum, 0.5 mL Na2S-

solution and 0.15 g Whatman filtration paper no. 3 (Whatman Limited, England)) 

• A methane control to determine the reliability of the analysis. (150 mL oxygen-free deionized 

water and 20 mL CH4) 

The bottles were shaken and then gently turned to make sure that no material had got stuck on the 

bottle walls. Finally the bottles were incubated in 37 °C. 

3.3 Analysis methods 

Total organic carbon and chemical oxygen demand were measured with TOC and COD kits (Hach 

LANGE, Germany). Different kits were used depending on the concentration of TOC and COD in the 

samples; LCK 387 and LCK 386 for TOC and LCK 514, LCK 014 and LCK 114 for COD. Dissolved TOC and 

COD was measured as filtered (Munktell filter, 1.6 µm) TOC and COD. 

Organic acids were analyzed with an organic acids kit, LCK 365 (Hach LANGE, Germany). 

pH was measured with a pH-electrode (Hamilton, Switzerland) and a pH-meter (WTW, Germany). 

The pH-meter was calibrated once a week.  
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Volatile fatty acids (acetic-, propionic-, isobutyric-, butyric-, isovaleric-, valeric-, isocaproic-, caproic- 

and heptanoic acid) were analyzed with a GC-FID HP 6890 (Hewlet Packard, USA). The GC was 

equipped with a BP21 capillary column and He was used as carrier gas. The oven temperature was 

initially 80 °C, and then the temperature was increased 3 °C per minute to 175 °C and then 10 °C per 

minute until it reached 200 °C, where it was held for 10 minutes. The GC was equipped with a flame 

ionizing detector with 250 mL per minute flow of air, 25 mL per minute flow of H2, and 20 mL per 

minute flow of N2. The injector temperature was 150 °C and the detector temperature was 250 °C. A 

standard curve was made with known concentrations (0.625 mM, 1.25 mM, 2.5 mM, 5 mM and 10 

mM) to determine soluble VFA. The samples were prepared by centrifugation with Centrifuge 5417C 

(Eppendorf, Germany) at 12 000 rpm for 10 minutes. The volatile fatty acids are presented as a sum 

parameter (mg/L) of all the acids that are determined with this method (called sum VFA), calculation 

examples is presented in appendix A. 

Total solids were analyzed through drying in 105 °C for 20 hours and volatile solids were analyzed 

through drying in 550 °C for 2 hours. 

Absorbance of lignin and other compounds was measured with an Ultraspec 2100 pro UV/visible 

spectrophotometer (GE Healthcare, Sweden). Absorbance was measured at 280 nm (at the 

wavelength where lignin absorb) and within the wavelength interval 190-700 nm (to determine 

changes of other compounds that absorb at the different wavelengths). The samples were diluted 

1:16 with milliQ water, to maintain an absorbance within the linear area of the spectrophotometer.   

Biogas production was analyzed in the MP batch experiment by measuring the pressure in the 

bottles with a Testo digital pressure meter (Testo AG, Germany). The pressure was then released 

after each sample-taking. 

Methane content in the biogas that was produced in the MP batch experiment was analyzed with a 

GC-FID HP 5880A (Hewlet Packard, USA). A 1 mL sample of biogas was taken from the incubation 

bottles, after measuring the pressure, with a syringe through the rubber stopper. The gas sample was 

then injected into a 31.7 mL vial sealed with a rubber stopper and thus diluted. 0.3 mL of the diluted 

sample was injected into the GC. The GC was equipped with a Poraplot T column with N2 as a carrier 

gas. The column flow was 130 mL per minute. The GC was equipped with a flame ionizing detector 

with 250 mL per minute flow of air and 30 mL per minute flow of H2. The injector temperature was 

150 °C, detector temperature was 250 °C and oven temperature at 80 °C. A standard curve was made 

to determine the methane content of the samples. The standards contained known methane 

concentrations (0.07%, 0.63% and 1.71%).  

3.4 Pre-treatment methods 

3.4.1 Pre-acidification reactor 

Two experiments were performed, partly similar. The purpose of the first experiment was to improve 

the performance of the pre-acidification reactor, before the second experiment where the methane 

yields were evaluated in a MP batch experiment. Six reactors were prepared, 3 times 2, whereof two 

were identical. One from each pair was incubated in room temperature, 19 °C, and the other one in a 

climate room, 37 °C. 2-L glass reactors with a wide opening at the top and a working volume of 1.3 L 

were used. The opening was closed with a metal lid with a small hole where the impeller went 

through. The impeller was placed with a height of about 2 cm from the bottom of the reactor. The 
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size of the inoculum was 10% of the total weight. Analyses (total COD and TOC only in experiment 1, 

dissolved COD and TOC, pH and VFA) were performed initially and after one day. 

Experiment 1  
The wastewater from NSSC (the positive control) was used in the first experiment, to evaluate which 

inoculum (biological sludge or primary sludge) and incubation temperature (19 °C or 37 °C) that were 

preferred in the pre-acidification reactor. Two of the six reactors were control reactors with only 

substrate; the setup is presented in Table 2. The reactors were continuously stirred at 100 rpm and 

incubated for one day. pH was not adjusted nor controlled during the experiment, but the initial pH 

was about 7 in the reactors. 

Table 2. Pre-acidification experiment 1. Inoculum (biological or primary sludge) and incubation temperature 

(19 °C or 37 °C) in the six reactors. Initial pH was about 7 and stirring rate was 100 rpm in all the reactors. 

  Inoculum  Incubation temperature  

  (sludge) (°C) 

NSSC-19 19 

NSSC-Ps19 primary 19 

NSSC-Bs19 biological 19 

NSSC-37 37 

NSSC-Ps37 primary 37 

NSSC-Bs37 biological 37 
 

Experiment 2 
Wastewaters from EOP, NSSC and pre-sedimentation (PS) were used in the second experiment to 

evaluate if performance of the pre-acidification reactor could be improved if the pH was adjusted to 

5.5 (adjusted with 1M HCl) and with semi-continuous stirring (the reactors are presented in Table 3). 

The experiment was still performed in both 19 °C and 37 °C. The reactors were inoculated with an 

inoculum that consisted of 50% ww primary sludge and 50% ww biological sludge. The inoculum had 

a VS of 79%. The stirring rate was set to 100 rpm for 15 minutes per hour. The reactors were 

incubated for one day. 

Table 3. Pre-acidification experiment 2. Substrate, type of inoculum and incubation temperature in the 

different reactors. Initial pH was 5.5 and the stirring rate was semi-continuous (15 min per h at 100 rpm).  

  Substrate Inoculum Incubation temperature 

    (sludge) (°C) 

EOP-pH-19 EOP primary/biological 19 

NSSC-pH-19 NSSC primary/biological 19 

PS-pH-19 PS primary/biological 19 

EOP-pH-37 EOP primary/biological 37 

NSSC-pH-37 NSSC primary/biological 37 

PS-pH-37 PS primary/biological 37 

The methane yield for four of the reactors (EOP-pH-37, NSSC-pH-37, PS-pH-19 and PS-pH-37) was 

analyzed in a MP batch experiment (batch 1 – pre-acidification reactor). The untreated substrates 

that are presented in the results were not run in the same MP batch experiment as the pre-treated 

substrates here, so the results are not strictly comparable. Setup of the MP batch experiment is 
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presented above “Methods and material – MP batch experiment” and the organic loading is 

presented in Table C. 2. 

3.4.2 FADE© 

The FADE© experiments included development of a continuous system for pre-acidification of the 

wastewaters (the setup is presented in Figure 2 in the background). 

Activation of FADE© 
The FADE©-solution was prepared by adding FADE© (5 g/L), table sugar (2.5 g/L) and a nutrition 

solution (20 mL/L, (0.5 mM MgCl2, 5.6 mM NH4Cl, 5.1 mM NaCl, 0.8 mM CaCl2)) to deionized water in 

a reactor similar to the one that was used for the pre-acidification experiments (above). The solution 

was activated during incubation in 32 °C with aeration and stirring for 12 h. Aeration was performed 

by an aquarium pump (HAILEA, China) with a flow of 1.6 L air per minute. Stirring was performed 

with a magnetic stirrer at a rate of 600 rpm. 

The FADE©-solution was regarded as active when the pH had dropped from about 7 to 5 or less. 1 to 

2 L FADE©-solution was activated each time and new FADE©-solution was activated before each new 

experiment. 

Measurement of optical density 
Optical density was measured during activation of FADE© and after addition of active FADE© to a 

growth medium. The growth medium was prepared by adding table sugar (2.5 g/L) to deionized 

water which was sterilized together with the reactor in an autoclave (121 °C for 20 minutes; 

VARIOKLAV Dampfsterilizer, Germany). 400 mL growth medium was added to 200 mL active FADE©, 

which was the amount that could be added for pH to increase to about 5.8. This pH limit was chosen 

because there could be a risk of inactivating the enzymes at a higher pH. Activation of the FADE© 

occurred as described above. Both reactors were incubated in 32 °C. Optical density was measured 

almost every hour during 12 hours. 

Addition of substrate to active FADE© 
Addition of substrate to active FADE© was the second part of the setup to be evaluated. Toxic 

substances or drastic pH changes as a result of substrate addition might have inactivated the FADE© 

and the effect of the pre-treatment would thereby have been lost. To avoid this, substrate was 

added in smaller doses once a day so that the active FADE© had time to adjust to the new 

environment. The amount of substrate added depended on how pH varied after addition. Substrate 

was added during measurement of pH until it had reached 5.8. pH was then measured once a day. If 

pH had dropped to 5.0 new substrate was added. Addition of substrate was made as long as pH 

dropped to 5.0 after each substrate addition, if not, the experiment was ended.  

The experiments were performed in 1-L glass bottles, with a 2 cm in diameter opening. The opening 

was covered with parafilm with a few holes in. Dissolved COD, VFA and pH were analyzed initially and 

then once a day until the experiment was ended. 
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Three experiments (summarized in Table 4) that were performed with addition of substrate: 

• Substrate was added to only active FADE© 

• Substrate was added to active FADE© with a carrier material 

• Aerated substrate was added to active FADE© with a carrier material 

Table 4. Summary of the three experiments where addition of substrate to active FADE
©

 were performed. 

The table presents the substrates, treatment of the substrates, amount of active FADE
©

, amount of and what 

kind of carrier material, and incubation temperature for the experiments. Addition of the substrates 

occurred as described above. 

Experiment Substrate 
Treatment of 

substrate 

Active 

FADE
©

 

Carrier 

material
a 

Incubation 

temperature 

Substrate to active 
FADE© 

NSSC, 
filtered NSSCb, 

EOP and 
biological sludgec 

None 200 mL None 19 °C and 32 °Cd 

      

      
Substrate to active 
FADE© and a carrier 
material 

EOP None 300 mL 200 mL  32 °C 

      

      
Aerated substrate 
to active FADE© and 
a carrier material 

EOP and 
NSSC 

Aeratione 400 mL ≈ 130 mL 32 °C 

a) Leca® spheres 

b) Pore size 10 mm 

c) Since biological sludge had pH of about 5.5 a fix amount, similar to the NSSC wastewater, was added 

d) Duplicates 

e) 1.6L air per minute for an hour (HAILEA, China) 

FADE© MP batch experiment 
Wastewaters from EOP, EOP adjusted to pH 7 and pre-sedimentation were used as substrates in the 

fourth experiment, where the methane yield was evaluated in a MP batch experiment after 

incubation with FADE© for one day. One bottle was prepared for each substrate. The bottle 

contained 50% ww substrate and 50% ww active FADE©, and was incubated in 32 °C (EOP-E, EOP7-E 

and PS-E). The other nine bottles were controls: 

• A cellulose control (E-Cell) to determine if pre-treatment with FADE© is effective on a 

relatively easy biodegradable substrate.  

• Two FADE© controls (E-C1 and E-C2) to determine how much the FADE© on its own 

contributed to the methane yield in two different temperatures, 19 °C and 32 °C. 

• Six substrate controls (EOP-C1, EOP-C2, EOP7-C1, EOP7-C2, PS-C1 and PS-C2) with only 

substrate and deionized water was to determine if hydrolysis and fermentation occurred 

without the active FADE© in both 4 °C and 32 °C. 

In the end, there was a total of twelve bottles with a working volume of 600 mL, all of them are 

summarized in Table 5. pH, VFA and dissolved TOC and COD were analyzed initially and after one day. 
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Table 5. Pre-treatment with FADE
©

, before a MP batch experiment. A total of twelve bottles were prepared 

according to the table. 

  Substrate 
Incubation temperature 

deionized 

H2O 
Substrate Active FADE

©
 

    (°C) (g) (g) (g) 

EOP-E EOP 32 300 300 

EOP-C1 EOP 32 300 300 

EOP-C2 EOP 4 300 300 

EOP7-E EOP 7 32 300 300 

EOP7-C1 EOP 7 32 300 300 

EOP7-C2 EOP 7 4 300 300 

PS-E PS 32 300 300 

PS-C1 PS 32 300 300 

PS-C2 PS 4 300 300 

E-C1 4 300 300 

E-C2 32 300 300 

E-Cell Cellulose 32   0.15 g 137 
 

The methane yield of the pretreatment method was analyzed by a MP batch experiment (batch 2 – 

pre-treatment with FADE©). Performance of the batch experiment is presented above in “Methods 

and material – MP batch experiment” and the organic loading is presented in Table E. 2. 

3.4.3 Photo-Fenton reaction 

Pre-treatment with the photo-Fenton reaction was performed on wastewater from EOP, because it 

contained a lot of lignin and a suitable pre-treatment method needed to be found to increase the 

methane yield when treating the substrate in a UASB reactor. The photo-Fenton reaction experiment 

was performed according to a reduced two-level four-factor design experiment to find the optimal 

reaction conditions to increase the biodegradability and the methane yield. Two photo-Fenton 

reaction experiments were performed. The first experiment had the purpose to optimize the 

parameters towards increasing the biodegradability (dissolved TOC and COD and VFA) and the 

second had the purpose to optimize towards anaerobic biodegradability (methane yield). The factors 

that could have an influence on the results and the ranges for the factors were decided after a 

literature study, see Table 6. The critical factors that were varied in the experiments were reaction 

time, initial pH, initial hydrogen peroxide concentration and initial ferrous ion concentration. There 

was a total of eleven tests, whereof nine different reaction conditions. The ninth reaction condition 

was a center point that was made in triplicates to evaluate the reproducibility. 
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Table 6. The critical factors with their upper and lower ranges, and the center points in the two photo-Fenton 

reaction experiments. 

    Lower range   Upper range   Center point 

Experiment 1             

Initial pH 3.0 6.0 4.5 

Reaction time (min) 5.0 20 12.5 

Initial H2O2 concentration (mM) 6.5 65 36 

Initial Fe(II) concentration (mM) 0.65 6.5 3.6 

Experiment 2             

Initial pH 3.0 11 7.0 

Reaction time (min) 5.0 60 32.5 

Initial H2O2 concentration (mM) 6.5 65 36 

Initial Fe(II) concentration (mM)   0.65   6.5   3.6 
 

The photo-Fenton reaction experiments were performed in the same way for all the reactions, but 

the conditions differed. The reactions were performed in 1-L beakers with a working volume of 600 

mL. The substrate was first added to the beaker. A FeCl2-solution (100 mM) was added to the 

substrate, the pH was adjusted (with 2 M NaOH or 2M HCl) and then hydrogen peroxide (30 %) was 

added, for concentrations for each reaction condition see Table F. 1. The reaction time started when 

the UV-lamp was turned on and it ended when the lamp was turned off. The UV-source was UVA-340 

lamps (Q-panel Inc, USA) (irradiation 2.4 W per m2 UV-B, 18.0 W per m2 and 5 W per m2 PAR) and 

they were placed 30 cm above the surface of the reagent solutions. The solution was continuously 

stirred, 700 rpm with a magnetic stirrer, during the whole reaction time. The actual reaction was 

stopped by adding a Na2S-solution (0.25 mmole sulphide per mmole H2O2) in the first experiment and 

catalase (1 U catalase per µmole H2O2) in the second experiment. The stop-solution was changed due 

to the negative effect of sulfides have on methanogenesis in anaerobic digestion. 

Total TOC and COD, VFA, organic acids and absorbance were analyzed initially and after the reactions 

were performed in both of the photo-Fenton reaction experiments. To reduce analysis disturbances 

from the iron, the samples were centrifuged at 12000 rpm for 10 minutes before TOC, COD, VFA and 

absorbance were analyzed.  

The methane yield after pre-treatment with the photo-Fenton reaction in experiment 2 was analyzed 

by a MP batch experiment (batch 3 – Pre-treatment with the photo-Fenton reaction). See above for 

performance of a MP batch experiment and Table J. 2 for the organic loading. Two additional control 

bottles were included in the MP batch experiment; one with untreated EOP wastewater and one 

with EOP wastewater together with the Fenton reagents stopped before the reaction had occurred 

(beaker 6, F6-initial) (Table J. 2). Both controls were prepared to be able to evaluate the effectiveness 

of the pre-treatment method.  

The results from the photo-Fenton reaction experiments were evaluated in the software MODDE© 

(Umetrics, Sweden). The responses used in MODDE© were for the first experiment production of VFA 

and organic acids, and reduction of TOC, COD and absorbance, and for the second experiment 

production of VFA and organic acids, and reduction of TOC, COD and absorbance, and the methane 

yield (mL methane per g COD). 
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3.5 Software 

MODDE© (Modeling of Design) is the software from Umetrics (Sweden) that was used to evaluate 

data from design of statistical experiments (pre-treatment with the photo-Fenton reaction). Design 

of experiment was used to plan the experiments to obtain as much information as possible from the 

data. The results were connected to mathematical models in MODDE© and then interpretation, 

prediction and optimization were performed.   
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4. Results 

The performances of the pre-treatment methods are evaluated by changes in the concentration of 

soluble organic compounds and in the methane yield. A large production of sum VFA, dissolved TOC 

and COD are desired, while total TOC and COD should be constant (a decrease would mean loss of 

carbon). An increase in the methane yields is desired after pre-treatment.  

4.1 Pre-acidification reactor 

4.1.1 Experiment 1 

In the first pre-acidification experiment the performance was evaluated with biological sludge and 

primary sludge as inoculums and in two different temperatures (19 °C and 37 °C), with NSSC 

wastewater. Production of soluble organic compounds, analyzed as dissolved TOC and sum VFA, 

resulted in minor increases or none at all conditions (Figure 3). The largest increase occurred for 

NSSC-Ps37, which increased from 634 to 754 mg/L of dissolved TOC and from 209 to 253 mg VFA/L 

(Table B. 1). Total COD and TOC decreased in all cases which indicated that production of carbon 

dioxide might have occurred (results not presented). 

Production of VFA and dissolved TOC were higher at 37 °C than at 19 °C and with primary sludge as 

an inoculum gave higher VFA and dissolved TOC values than biological sludge (Figure 3). The control 

reactors without inoculum showed a minor production of VFA and dissolved TOC. pH decreased in 

the cases where VFA was produced and increased where VFA was consumed (Table B. 1). Variation of 

dissolved COD showed the same pattern as dissolved TOC (Table B. 1). 

Experiment 2 was also performed at both 19 °C and 37 °C, but this time with a mix of biological and 

primary sludge as the inoculum. Since the hydrolyzing and fermenting microorganisms thrive in an 

acidic environment it was also decided to lower pH in the second experiment. Due to the decrease of 

total COD and TOC observed in experiment 1 a lower stirring rate was chosen in the second 

experiment.   

 
Figure 3. Changes (in percentage of initial value) of dissolved TOC and VFA after pre-treatment in the pre-

acidification reactors for experiment 1. Six different pre-acidification tests were performed; NSSC 

wastewater in 19 °C and 37 °C (NSSC-19 and NSSC-37), NSSC wastewater inoculated with primary sludge in 19 

°C and 37 °C (NSSC-Ps19 and NSSC-Ps37), and NSSC wastewater inoculated with biological sludge in 19 °C and 

37 °C (NSSC-Bs19 and NSSC-Bs37). 
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4.1.2 Experiment 2 

In the second pre-acidification experiment intermittent stirring was applied, initial pH was set to 5.5 

and a mix of primary and biological sludge was used as inoculum. Production of soluble organic 

compounds, analyzed as dissolved TOC and Sum VFA, resulted in minor increases at all conditions. 

Production of dissolved TOC and VFA are presented in Figure 4. Dissolved COD showed similar 

pattern as dissolved TOC and is presented in Table C. 1 and so is variation in pH. VFA concentrations 

varied from 5.2% reduction to 175% production, where EOP wastewater in 19 °C was the only one 

with a reduction (from 46 to 43 mg/L). Production of VFA was higher in 37 °C (from 70 to 192 mg/L 

for PS) than in 19 °C (from 70 to 106 mg/L for PS) and for the substrate pre-sedimentation 

wastewater compared to the other substrates. Reduction of dissolved TOC occurred in all cases 

except for PS wastewater in 37 °C.  

 
Figure 4. Changes (in percentage of initial value) of dissolved TOC and VFA after pre-treatment in the pre-

acidification reactors experiment 2. Six different pre-acidification tests with pH adjusted to 5.5 and 

intermittent stirring were performed; EOP wastewater in 19 °C and 37 °C (EOP-pH-19 and EOP-pH-37), NSSC 

wastewater in 19 °C and 37 °C (NSSC-pH-19 and NSSC-pH-37) and pre-sedimentation wastewater in 19 °C and 

37 °C (PS-pH-19 and PS-pH-37). 

4.1.3 MP batch experiment 1 

The methane yields for four of the reactors (EOP-pH-37, NSSC-pH-37, PS-pH-19 and PS-pH-37) from 

pre-acidification experiment 2 were investigated. These reactors were chosen because they had the 

highest increase of sum VFA after pre-treatment in the pre-acidification reactor (Figure 4). 

Pre-treatment in a pre-acidification reactor increased the methane yield for NSSC wastewater (from 

146±3 to 185±2 mL methane/g COD) and pre-sedimentation wastewater (from 95±5 to 145±6 mL 

methane/g COD in 19 °C and 218±7 mL methane/g COD in 37 °C), but not for EOP wastewater (from 

49±15 to 25±12 mL methane/g COD), see Figure 5. The methane yield was higher after pre-treatment 

in 37 °C compared to in 19 °C for pre-sedimentation wastewater, see values above. The methane 

contents (varies from 45 to 70% for the different incubations) from the MP batch experiment with 

pre-treated substrates in the pre-acidification reactor are presented in Table C. 2. 
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The initial methane production rate (calculated on the seven first days) increased for the NSSC 

wastewater (from 14 mL methane per g COD and days to 22 mL methane per g COD and days) and 

pre-sedimentation wastewater (from 9 mL methane per g COD and days to 26 mL methane per g 

COD and days in both 19 °C and 37 °C), while it decreased for EOP wastewater (from 7 mL methane 

per g COD and days to 5 mL methane per g COD and days). 
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Figure 5. Methane yields, mL methane per g COD, at 37 °C and 53 days after pre-treatment in the pre-

acidification reactors. The pre-treated substrate (blue and yellow lines on the left y-axis), untreated 

substrate (red line on the left y-axis) and the positive control (green line on the right y-axis) are presented for 

each substrate.  

 

4.2 FADE
©

 

The experiments with FADE© included development of a method where pre-treatment was 

performed in a continuous system. The different parts of the setup were included, one at the time, to 

improve the performance. In the last experiment the methane yield was evaluated in a MP batch 

experiment after pre-treatment of the substrates with FADE© for one day. 

4.2.1 Optical density during activation of FADE© 

Optical density was measured every hour during activation of FADE© (time zero was when the 

activation started) and after addition of an active FADE© to a growth medium (time zero was when 

the active FADE© was added to the growth medium containing table sugar). Initial pH of the inactive 

FADE©-solution was 6.3 and it decreased to 4.5 after 12 hours, which indicated that activation had 

succeeded. Initial pH in the growth medium with active FADE© was 4.3 which had decreased to 3.7 

after 12 hours incubation. The optical density increased slightly during the first 12 hours during 

activation of the FADE© and it had increased from 0.3 (time zero) to 3.5 after 28 hours (Figure 6). The 

optical density increased from 0.3 (time zero) to 0.9 for active FADE© in growth medium after 28 

hours.  
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Figure 6. Optical density measured over 28 hours during activation of the FADE

©
 and after addition of active 

FADE
©

 to a growth medium.  

4.2.2 Addition of substrate to active FADE© 

Addition of substrate 
The first step of the setup was to add substrate to the FADE©, while keeping the enzymes active. 

Addition of substrate to the active FADE© was performed once a day, to avoid chocking the 

microorganisms. In the first experiment the effect of the substrate additions was tested in both 19 °C 

and 32 °C. Addition had succeeded if pH dropped from 5.8 to about 5.0. However, in 19 °C addition of 

substrate could only be performed once (day 0) as the pH did not decrease to 5.0 (Figure 7). In 32 °C, 

pH decreased to 5.0 after the first addition and substrate was thus added also day 1 (Figure 7). pH 

did not decrease to 5.0 after the second addition and the experiment was ended.  

 

             

 
Figure 7. Changes in pH in experiment 1, addition of substrate to active FADE

©
. pH was measured initially 

before addition of substrate (day 0), after substrate was added (the points right after day 0) and one day 

after addition of substrate (day 1) to see if it was possible to continue the experiment. Experiments were 

performed in 19 °C and in 32 °C for EOP wastewater, NSSC wastewater, filtered NSSC wastewater and 

biological sludge. 
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Production of VFA occurred during the first day in both 19 °C and 32 °C, but it was higher in 32 °C 

than in 19 °C (Figure 8). The production was largest for biological sludge and lowest for NSSC 

wastewater (from 8 to 92 mg/L and from 97 to 309 mg/L in 32 °C, respectively).  

Dissolved COD increased for all the substrates in 32 °C, while it only increased for filtered NSSC 

wastewater and EOP wastewater in 19 °C. Dissolved COD for NSSC wastewater, the reference 

substrate, increased from 1699 to 2271 mg/L in 32 °C and decreased from 1699 to 1661 mg/L in 19 

°C. Absolute values are presented in Table D. 1. 

 

 

 

 
Figure 8. Production of VFA and changes in dissolved COD, given as percentage of the initial value, in 19 °C 

and 32 °C for NSSC wastewater, filtered NSSC wastewater, EOP wastewater and biological sludge. Production 

of VFA was desired, which was the case after treatment of biological sludge in both temperatures. No 

reduction of dissolved COD was desired. Production of dissolved COD occurred in all cases in 32 °C, while a 

reduction occurred for NSSC and BS in 19 °C.  

Further experiments with addition of substrate to active FADE© were performed in 32 °C, as a higher 

production of VFA and dissolved COD was obtained at the higher temperature. A carrier material was 

included, since pH did not decrease as much nor as fast as was desired. 
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Addition of substrate including a carrier material and aeration 
Addition of substrate to active FADE© including a carrier material was performed once a day (as long 

as pH decreased to 5.0 after addition of substrate) for EOP wastewater in 32 °C. pH did not decrease 

more or faster after including the carrier material. Substrate could only be added once (day 0) and 

after that pH did not decrease to 5.0. Additional substrate was added once a day even though pH had 

not decreased, to see if pH would decrease later on. Due to no decrease in pH the experiment was 

ended day four. Even though pH did not decrease (day 1, 2 and 3 in Figure 9) production of VFA 

occurred until day 3 and COD had a minor decrease. Due to lack of decrease in pH in the experiment 

including the carrier material, aeration of the substrate was included in the next experiment, to 

simulate aeration in the substrate tank from the setup (Figure 2). 

Addition of aerated substrate to active FADE© including a carrier material, was performed with the 

wastewaters EOP and NSSC in 32 °C. pH did not decrease more or faster for neither of the substrates 

after addition of aerated substrates (Figure 9). The substrates could be added once (day 0) and after 

that pH did not decrease to 5.0. Also this experiment was carried on even though pH did not 

decrease as much as was desired, but pH did never decrease to 5.0 again. Production of VFA 

occurred for both of the substrates (until day 2 for EOP and day 3 for NSSC), while COD was constant 

for EOP wastewater and decreased for NSSC wastewater. 

The carrier material that was used floated, but was still covered by the FADE©-solution. The FADE© 

existed in both soluble forms in the solution and as particles that were lying on the bottom of the 

bottle. Only the soluble FADE© (a minor part) was in contact with the carrier material, which might 

have affected formation of a biofilm negatively.  
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Figure 9. Changes in pH, variation in sum VFA and total COD during addition of EOP wastewater and NSSC 

wastewater to the active FADE
©

 with a carrier material and aerated substrate. pH did not decrease to 5.0 in 

any of the cases.  

The experiments with the active FADE© showed that pH did not decrease as much as was desired in 

any of the cases. It was therefore decided to perform a MP batch experiment after pre-treatment 

with active FADE© without a carrier material and aerated substrate. 

4.2.3 MP batch experiment 2 

Pre-treatment with FADE© 
Production of VFA occurred in all cases where the substrates were pre-treated with FADE© (EOP-E 

from 143 to 157 mg/L, EOP7-E from 106 to 124 mg/L and PS-E from 170 to 313 mg/L) and also 

reduction of TOC (EOP-E from 715 to 606 mg/L, EOP7-E from 716 to 601 mg/L and PS-E from 588 to 

518 mg/L) (Figure 10). The small changes of VFA and TOC in the substrate control bottles showed 

that hydrolysis and fermentation did not occur without the FADE© (EOP-C1, EOP-C2, EOP7-C1, EOP7-

C2, PS-C1 and PS-C2 in Figure 10). The FADE© control bottles differed between the temperatures, the 

FADE© control bottle incubated in 32 °C had a higher production of VFA (from 118 to 291 mg/L) and 

higher reduction of TOC (from 114 to 110 mg/L) than the bottle incubated in 4 °C. The cellulose 

control had the highest production of VFA (from 116 to 327 mg/L), which showed that the FADE© 

actually had an effect on cellulose. A decrease in pH occurred in all cases where VFA were produced, 

initial pH varied from 4.7 to 10.7 and after pre-treatment from 4.2 to 10.8 (Table E. 1). Reduction of 

COD showed a similar pattern as reduction of TOC (Table E. 1). However, pre-treatment with FADE© 

was not very effective for the three substrates because production of VFA was higher in the FADE© 

control bottle in 32 °C (E-C2) than in the bottles with substrate and FADE©. 

0

1000

2000

3000

0 1 2 3 4

m
g 

O
2/

L

Days

Total COD



27 
 

 

 
Figure 10. Production of VFA and reduction of total TOC (% of initial value) after incubation of substrates EOP 

wastewater, EOP wastewater with pH adjusted to 7 and pre-sedimentation wastewater with FADE
©

 (EOP-E, 

EOP7-E and PS-E) after one day. The other were controls; substrate controls in 4 °C and 32 °C (substrate-C1 

and substrate-C2), FADE
©

 controls in 4 °C and 32 °C (E-C1 and E-C2) and finally the cellulose control in 32 °C 

(E-Cell). 

Methane yields 
Pre-treatment with FADE© during one day did not increase the methane yields for neither of the 

substrates; EOP wastewater, EOP wastewater where pH was adjusted to 7 and pre-sedimentation 

wastewater (Figure 11). The methane yields are presented in mL methane produced per bottle, to 

make the bottles comparable according to the volume of the substrates added (not per g COD as in 

the other cases). The pre-treated substrates’ methane yields were; 137±5 mL methane/bottle for 

EOP-E, 136±5 mL methane/bottle for EOP7-E and 132±2 mL methane/bottle for PS-E. The substrate 

control bottles incubated in 4 °C had methane yields of 4±1 mL methane/bottle for EOP-C1, 5±2 mL 

methane/bottle for EOP7-C1 and 29±1 mL methane/bottle for PS-C1. The substrate control bottles 

incubated in 32 °C had methane yields of 4±1 mL methane/bottle for EOP-C2, 4±1 mL 

methane/bottle for EOP7-C2 and 34±1 mL methane/bottle for PS-C2. The FADE© control bottle 

incubated in 32 °C (E-C1) had a methane yield of 131±3 mL methane/bottle, which was almost the 

same as for the pre-treated substrates. The methane yield increased for the cellulose control bottle 

(E-Cell) where cellulose was pre-treated with FADE© (161±6 mL methane/bottle) compared to the 

untreated FADE© control bottle in 32 °C (131±3 mL methane/bottle) and the positive control (40±3 
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mL methane/bottle). The methane contents from the MP batch experiment were in a range of 27%, 

for EOP7-C1 with the lowest methane content, to 60%, for PS-E with the highest methane content 

(Table E. 2). 
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Figure 11. Methane yields, mL methane per bottle, at 37 °C during 50 days. The three different pre-treated 

substrates (EOP-E, EOP7-E and PS-E) are presented in separate graphs with their controls (substrate C1 and 

C2, E-C2, E-Cell and the positive control). Pre-treatment of wastewaters with the FADE
©

 did not increase the 

methane yield in any of the cases. 

4.3 Photo-Fenton reactions 

The substrate EOP wastewater with the highest lignin content (Table 1) and with 98% dissolved TOC 

of total TOC, was chosen for pre-treatment with photo-Fenton reaction to increase the 

biodegradability. Two experiments were performed, the first one to find the factors and ranges that 

affected changes in COD and TOC with the photo-Fenton reaction the most (high production of VFA 

was desired) and the second to increase the biodegradability and evaluate it in a MP batch 

experiment (high methane yield was desired). 

4.3.1 Experiment 1 – optimization of reaction parameters 

The first pre-treatment experiment with the photo-Fenton reaction of EOP wastewater had the 

purpose to optimize the reaction parameters towards higher biodegradability of the substrate, 

where absorbance, TOC, COD, and VFA were evaluated (Table 7, for absolute values see Table G. 1). 

The results from the organic acids analysis (Hach LANGE, Germany) are excluded due to bad 

reproducibility. The results desired were high production of VFA, high reduction of absorbance and 

low reduction of total TOC and COD.  
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Table 7. Photo-Fenton reaction experiment 1. Reduction of TOC, absorbance and COD, and production of VFA 

in the different reaction conditions, all given as percentage of initial values. Reduction of absorbance was 

desired, while it was undesired for TOC and COD. Production of VFA was desired. The beaker numbers 

represent the different reaction conditions F1-F11 presented in Table F. 1. 

    Reduction (%)   Production (%) 

Beaker      number TOC A COD Sum VFA 

1 13 -5.3 2.5 4.3 

2 3.8 4.8 4.4 3.6 

3 23 23 9.9 18 

4 4.5 3.3 2.5 3.5 

5 26 26 34 -19 

6 15 5.9 -3.8 4.1 

7 3.4 9.5 15 -27 

8 20 49 0.9 -0.1 

9 4.8 6.7 1.8 11 

10 13 5.8 4.9 -9.8 

11   13 6.9 0.8   1.8 
 

Bubbles and foam could be seen in the reaction beakers for the different reaction conditions, which 

indicated that gas production occurred. A precipitation could be seen in some of the reaction 

conditions, the higher pH the more precipitate (pH varied between 3 and 6). Foam and precipitation 

are illustrated in Figure 12. 

 
Figure 12. Foam and precipitation in one of the photo-Fenton reaction experiment beakers. 

The measurement of absorbance within the interval 190 to 700 nm, showed that reduction of 

absorbance did not only occur at wavelength 280 nm, where lignin can be detected. Beaker number 

8 in experiment 1 showed that reduction of absorbance occurred from 190 nm to 430 nm (Figure H. 

1 shows graphs for the other reaction conditions). The reaction conditions in beaker number 8 were 

pH 6, reaction time 20 minutes, H2O2 concentration 65 mM and Fe(II) concentration 6.5 mM.  
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Figure 13. Absorbance at different wavelengths (190-700 nm) before (blue line) and after (red line) the 

photo-Fenton reaction was performed in beaker number 8. Absorbance has decreased after pre-treatment.  

Evaluation in MODDE© 
The parameters were evaluated and optimized in MODDE©. The data collected from the experiment 

did not fit any of the models in MODDE©. The results from evaluation and optimization in the 

program were not statistical significant, but the results can at least indicate what the optimal 

reaction conditions were. The significances of the factors are presented as coefficient plots (Figure I. 

2) and the results are interpreted in 4D contour plots (Figure I. 3, Figure I. 4, Figure I. 5 and Figure I. 

6). The “summary of fit” plots show how well the data fits the models (Figure I. 1).  

The results in MODDE© are summarized in Table 8. The evaluation showed that none of the 

parameters were significant for TOC and VFA, pH were significant for COD, and time, H2O2 and Fe(II) 

were significant for the absorbance. The optimal reaction conditions, when using the optimizer in 

MODDE©, should be at pH 6, reaction time 20 minutes, Fe(II) concentration 0.65 mM and H2O2 

concentration 65 mM. 

Table 8. Summary of evaluation in MODDE© for experiment 1. Significant factors (Figure I. 2) and their 

conditions where the responses are favored (Figure I. 3, Figure I. 4, Figure I. 5 and Figure I. 6). 

Responses 
Significant factors  

(from coefficient plots) 

Ranges  

(from 4D contour plots) 

Reduction of COD pH pH 6 

   

Reduction of TOC None 5 minutes 

   

Production of VFA None 0.65 mM Fe(II) 

   
Reduction in absorbance Reaction time 

H2O2 
Fe(II) 

20 minutes 
65 mM H2O2 
6.5 mM Fe(II) 

  

The new ranges for the factors in the second photo-Fenton reaction experiment were based on the 

results from experiment 1 and previous studies in articles. The new range for time was set to 5 to 60 

minutes; due to highest reduction of absorbance in the upper range in experiment 1. Several studies 
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have performed the reaction for an hour or even longer (Ghaly, et al., 2001) (Jamil, et al., 2010) 

(Pichat, 1997) (Devi, et al., 2010) (Xu, et al., 2007). An optimum in initial pH was not found in the first 

experiment. The new range for pH was therefore set to 3 to 11, due to high reduction of TOC at pH 3 

in previous studies and it would be an advantage to be able to perform photo-Fenton reaction at the 

substrates natural pH (11). The ranges for initial concentration of ferrous ions and hydrogen peroxide 

were the same as for the previous experiment, because reduction of absorbance did not seem to 

correlate to a certain concentration. 

4.3.2 Experiment 2 – Optimization towards higher methane yield 

The second pre-treatment experiment with photo-Fenton reaction of EOP wastewater had the 

purpose to optimize the reaction parameters towards higher anaerobic biodegradability of the 

substrate, which was evaluated with a MP batch experiment (in excess of total TOC and COD, 

absorbance and sum VFA). Also in the second experiment the results from the organic acids analysis 

(Hach LANGE, Germany) are excluded due to bad reproducibility. Results from the eleven 

experiments are presented as reduction of TOC, absorbance and COD, and production of VFA in 

percentage of the initial value, and methane yield (mL methane/ g COD) (Table 9, absolute values are 

given in Table J. 1). 

Table 9. Photo-Fenton reaction experiment 2. Reduction of TOC, absorbance and COD, and production of VFA 

at the different reaction conditions, all given in percentage of initial values. Reduction of absorbance was 

desired, while it was undesired for TOC and COD. Production of VFA was desired. TOC cannot be produced, 

so the negative reductions must be due to measurement errors. The beaker numbers represent the different 

reaction conditions F1-F11 presented in Table F. 1. 

  Reduction (%)   Production (%) 

Beaker number TOC A COD Sum VFA 

1 -9.3 -18 -0.4 -4.5 

2 1,6 2.5 -0.4 6.0 

3 13 30 13 17 

4 -1,9 0.5 1.3 -31 

5 -6.1 10 0.4 -4.0 

6 -0.9 1.6 0.2 -31 

7 23 23 21 72 

8 0.4 0.7 -2.4 21 

9 -0.9 2.7 4.0 8.1 

10 -3.2 3.4 3.1 -36 

11 5.5 4.1 2.6   -38 
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The different concentrations of Fe(II) in the MP batch experiment bottles led to different amounts of 

precipitate (Figure 14). pH was adjusted to 7 before the experiment started, which is a pH where iron 

precipitate easily.  

 
Figure 14. The different amounts of precipitation in the nine different solutions, in the order from F1 to F9 

(with different reaction conditions presented in Table F. 1), after pre-treatment with the photo-Fenton 

reaction in experiment 2.  

The measurement of absorbance within the interval 190 to 700 nm in experiment 2, showed as in 

experiment 1 that reduction of absorbance did not only occur at wavelength 280 nm, where lignin 

can be detected (Figure K. 1).  

Evaluation in MODDE© 
The parameters were, also after the second experiment, evaluated and optimized in MODDE©. One 

of the responses, COD, fitted the model rather well (R2 > 0.75, Q2 > 0.5, validity > 0.25 and 

reproducibility > 0.5), but the rest of the responses did not fit any of the models (Figure L. 1). The 

results indicated at least what the optimal reaction conditions were. Better fit of the models for the 

responses VFA, absorbance and methane yield were desired. This is because changes of the 

structures of the carbon compounds (analyzed as changes in absorbance and VFA) could result in an 

increase in the methane yield, which was the aim. The data fitted the models better for COD, TOC 

and absorbance when a pH*time-term was introduced. This term means that there was a correlation 

between pH and time. No pattern between the parameters for the different responses could be 

found in the 4D contour plots, the relation varied in all three cases (Table 10). No significant 

parameter could be found for VFA in experiment 2 either. The results from MODDE© are summarized 

in Table 10. The optimal reaction conditions, according to the optimizer in MODDE© were pH 4.5, 60 

minutes and 6.5 mM H2O2. No initial concentration of Fe(II) was given, because the parameter was 

non-significant for all the responses. 
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Table 10. Summary of evaluation in MODDE© for experiment 2. Significant factors (Figure L. 2) and their 

conditions where the responses are favored (Figure L. 3, Figure L. 4, Figure L. 5, Figure L. 6 and Figure L. 7). 

Responses 
Significant factors 

(from coefficient plots) 

Ranges 

(from 4D contour plots) 

Reduction of COD pH 
Time 

pH*Time 

pH 11 
60 minutes 

   
Reduction of TOC Time 

pH*Time 
pH 3 

5 minutes 
   
Production of VFA 

None 
pH 3 

60 minutes 
   
Reduction in absorbance Time 

pH*Time 
pH 3 

60 minutes 
   
Methane production 

H2O2 
6.5 mM H2O2 

pH 11 
 

4.3.3 MP batch experiment 3 

Pre-treatment of EOP wastewater with photo-Fenton reaction did not increase the methane yield 

with any of the reaction conditions (Figure 15). Untreated EOP wastewater had the highest methane 

yield (91±7 mL methane/g COD). EOP wastewater pre-treated in reaction condition F1 (76±9 mL 

methane/g COD), F4 (81±6 mL methane/g COD), F6 (74±19 mL methane/g COD) and F6-inital (82±3 

mL methane/g COD) have slightly lower methane yields, but follow the same pattern as untreated 

EOP wastewater. The methane yields for the reaction conditions F2 (14±11 mL methane/g COD), F8 

(10±16 mL methane/g COD), F9 (9±7 mL methane/g COD), F10 (25±15 mL methane/g COD) and F11 

(11±10 mL methane/g COD) increased until day eleven then they declined. Reaction condition F3 (-

16±4 mL methane/g COD) follows the same pattern as F2, F8, F9, F10 and F11, but the methane yield 

declines even more than for the other ones. Reaction condition F7 (24±6 mL methane/g COD) 

declined from the first day until day eight, after day eight it recovered and increased again. Reaction 

condition F5 (-207±24 mL methane/g COD) declined from day one and never recovered. A negative 

methane yield infers that the inoculum had a higher methane yield than the actual methane yield for 

the substrate. The methane contents from the MP batch experiment varied form 0 up to 81% (Table 

J. 2). 

The control bottle F6-initial (82±3 mL methane/g COD) compared to F6 (74±19 mL methane/g COD) 

showed that the methane yield decreased after pre-treatment with the photo-Fenton reaction 

compared to untreated EOP. EOP did not become more anaerobically degradable. 
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Figure 15. Methane yields, mL methane per g COD, at 37 °C and during 99 days, after pre-treatment of EOP wastewater with the photo-Fenton reaction. 
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5. Discussion 

5.1 Pre-acidification reactor 

Pre-treatment in the pre-acidification reactor was performed with the wastewaters from EOP, NSSC 

and pre-sedimentation. The effect of the pre-treatment differed between the wastewaters.  

5.1.1 Lignin’s effect on pre-treatment in the pre-acidification reactor 

The characteristics of the wastewaters can be a reason why the effect of pre-treatment in the pre-

acidification reactors varied and why the increase in the methane yields differed. The wastewater 

with the lowest lignin content, pre-sedimentation wastewater (Table 1), had the highest increase in 

methane yield after pre-treatment in the pre-acidification reactor and the wastewater with the 

highest lignin content showed no increase in methane yield at all. Lignin has been shown to affect 

anaerobic digestion in two ways; it is also difficult to degrade biologically (Sierra-Alvarez, et al., 1994) 

(Sierra-Alvarez, et al., 1990) and it has an inhibitory effect on the methanogenesis, due to its toxic 

effect on methanogenic microorganisms (Yin, et al., 2000). It is the lignin with low molecular weight 

that causes inhibition and the compounds are very stable (Sierra-Alvarez, et al., 1994). EOP 

wastewater with the highest lignin content also had a high dissolved TOC content, which might 

indicate that the lignin in the substrate was low molecular and thus caused inhibition. 

Pre-treatment of NSSC wastewater that had lower lignin content than EOP was shown to increase 

the methane yield (with 50% in 19 °C and 125% in 37 °C). Most of the carbon that was not analyzed 

as dissolved TOC was here fibers (Table 1), which are anaerobically biodegradable to a certain extent 

(Tema Vatten, 2012). The dissolved TOC that are not lignin are probably more anaerobically 

biodegradable than the fibers. The pre-sedimentation wastewater that had the lowest lignin content 

and not as much fibers as the NSSC wastewater (Table 1) responded best to the pre-treatment 

method, probably due to more easily degradable compounds in the untreated wastewater. 

The results from pre-treatment in a pre-acidification reactor agree with results from studies where 

biodegradability of lignin and inhibition from lignin is investigated (Sierra-Alvarez, et al., 1994) 

(Sierra-Alvarez, et al., 1990). The articles show that a high concentration of low molecular weight 

lignin can cause inhibition of methanogenesis and this might explain why the effect of the pre-

treatment method was not very high for EOP wastewater. Another study showed that aerobic pre-

treatment of a sisal pulp waste (with a lignin content of 5.5% of TS) could increase the methane yield 

(Mshandete, et al., 2005), which was also the case for pre-sedimentation and NSSC wastewater.  

5.1.2 Improvements of the pre-acidification reactor 

The performance of the pre-acidification reactors was better in 37 °C than in 19 °C in both 

experiments. This was not a surprise since several articles report that hydrolysis and fermentation 

production rates increases with increasing temperature, which is due to increasing activity of 

hydrolyzing and fermenting microorganisms (reviewed by Cheng and Chang, 2011). It is a possible to 

obtain higher activity of the hydrolyzing and fermenting microorganisms at the pulp and paper mill, 

due to high temperatures of the wastewaters. 
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A pre-acidification reactor is supposed to have pH around 5. pH will become low due to production of 

VFA, however it did not occur in the first pre-acidification experiment. pH was therefore lowered by 

addition of an acid to enhance production of VFA, but the decrease of pH did not improve the 

performance.  

The decrease in dissolved TOC and VFA that occurred is probably due to oxidation of carbon to 

carbon dioxide. Total oxidation is not desired, since loss of carbon will result in a lower methane 

yield. To decrease the amount of available oxygen only intermittent stirring was therefore used in 

the second experiment.  

Schnürer and Jarvis (2009) have suggested, in a review, that a longer retention time is needed for 

substrates that are difficult to degrade, due to a lag phase. However, a prolonged retention time 

would probably not have improved the performance for EOP wastewater because the substrate 

contains a lot of lignin that is difficult to degrade biologically and for the microorganisms to adapt to. 

However, increasing the retention time for NSSC wastewater might have improved the performance, 

because the substrate contained less lignin and more TOC that was available for biological 

degradation compared to EOP wastewater, but it was not investigated. 

5.2 FADE
© 

Pre-treatment with FADE© of wastewaters from pulp and paper industry did not increase the 

biodegradability and the methane yield. The organic compounds in the substrates are probably too 

difficult to degrade for the FADE© microorganisms or they could have inhibited their activity.  

5.2.1 pH and production of VFA 

The microorganisms in the FADE© perform hydrolysis and fermentation, which usually leads to a 

decrease in pH due to production of organic acids, just like in the pre-acidification reactor. This 

phenomenon could be seen during activation of the FADE©, where pH decreased from above 6 to 

around 4. After addition of substrate the pH did not decrease to the desired limit (under pH 5.0) after 

day one, which indicated that the microorganisms could not degrade the compounds or that their 

activity declined. In experiment 2 (addition of substrate to active FADE© including carrier material) 

and 3 (addition of aerated substrate to active FADE© including carrier material), the experiments 

were continued even though pH did not decrease after the first addition of substrate. These 

experiments show that production of VFA was highest the first day, which also indicated that the 

microorganisms could not degrade the organic compounds in the wastewaters or that their activity 

declined.  

Production of VFA was higher in 32 °C than in 19 °C, which comport with results from other articles. 

Hydrolyzing and fermenting microorganisms’ activity increases with increasing temperature 

(reviewed by Cheng and Chang, 2011).  This is also supported by that only a minor production of VFA 

was observed at 4 °C. Just as for the pre-acidification a higher activity of the microorganisms at a 

higher temperature is likely an advantage when treating wastewater from pulp and paper industry 

with FADE© as most of the streams often have a high temperature. 
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5.2.2 FADE© set up 

The FADE© did not establish a biofilm on the carrier material and addition of the substrates could not 

continue more than one day. Thereby the advantages with the FADE©, retaining and establishing 

contact between the microorganisms and the organic material (reviewed by Schnürer and Jarvis, 

2009), were lost. There are several measures that could have been performed to facilitate the 

establishment of a biofilm. First of all, the Leca® spheres that were used as the carrier material 

floated at the top of the FADE©-solution, while the solid parts of the FADE© were lying on the bottom 

of the bottle. It was only the dissolved part of the FADE© (a minor part) which were in contact with 

the carrier material and it was difficult for a biofilm to be formed. A carrier material where the liquid 

could fill the pores and sink would have been preferable. The microorganisms would then have had a 

larger area to attach to and they would have been more protected within the pores compared to on 

the outer area. A second suggestion was to have the same volume of FADE©-solution and carrier 

material, so that the carrier material could be in contact with the solid parts of the FADE©, and 

thereby increase the chance of a biofilm to establish. A third suggestion was to establish the biofilm 

before the wastewaters from the pulp and paper mill were added. The same procedure as was used 

during addition of substrate to active FADE© including a carrier material could have been used. The 

growth medium (table sugar and nutrition solution) that was used during activation of FADE© could 

have been added, instead of adding a wastewater, until a biofilm had been formed. Aeration of the 

growth medium might also have improved establishment of the biofilm. When the biofilm has been 

formed the wastewater could slowly be added to the active biofilm, to see if the biofilm survives in 

the system. The fourth suggestion for improvement of the setup involves activation of the FADE©. 

Even though activation of the FADE© succeeded, most of the FADE© was still in its solid form. The 

suggestion is to obtain a larger part of the FADE© in its dissolved form after activation and thereby 

increase the contact area between the FADE© and the carrier material. This could probably be done 

by having a magnetic stirrer on the bottom of the reactor. The force of the stirring would likely break 

the particles apart and thus enable a larger part of the active FADE© in dissolved form. 

When addition of substrates including a carrier material did not improve the performance, aeration 

of the substrate was also included, but without effect. There is a risk that the microorganisms did not 

get enough oxygen even though the substrates were aerated, because the reaction bottles were not 

totally open. According to Spikes and Cogs (Sweden), the FADE© consumes a lot of oxygen and an 

anaerobic environment could have been formed. This indicated that more oxygen should have been 

added to the system. The needed enzymes for degradation of the compounds in the wastewater 

might have been inactive due to too little oxygen. However, reduction of COD occurred (total 

oxidation), which was not desired, and it is likely that the fraction of TOC that was oxidized to carbon 

dioxide would have increased if more oxygen was available in the system. 

The experiment where optical density was measured during activation of FADE© and after addition of 

active FADE© to a growth medium showed that there was minor increase in growth of cell mass. The 

microorganisms did not proliferate very fast. A constant or declining cell mass might be a problem in 

a continuous system and new active FADE© must be added continuously. A full scale system that 

does not need re-inoculation is preferred.  
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5.2.3 MP batch experiment 

Pre-treatment with FADE© did not increase the methane yield for neither of the substrates, but it did 

increase the methane yield for the cellulose control (Figure 11). The increase in the methane yield for 

the cellulose control showed that pre-treatment with FADE© could improve the anaerobic 

biodegradability of a substrate. However, there might be two reasons why the FADE© was not 

effective on the wastewaters; 1. the organic compounds are too difficult to hydrolyze for the FADE© 

or 2. the FADE© lacks the enzymes that can hydrolyze the organic compounds. It was also shown that 

production of soluble organic compounds was higher in the FADE© control than in the bottles where 

wastewaters were pre-treated with FADE©. This indicated that the wastewaters might have 

contained compounds that inhibited the FADE©’s activity. 

An assumption that the high pH (11) in EOP wastewater might decrease the FADE©’s activity and that 

pre-treatment might not be very effective at this pH was made. This was the reason why both EOP 

wastewater with pH 11 and EOP wastewater with pH 7 were pre-treated. However, lowering the pH 

from 11 to 7 did not seem to affect the performance of the FADE© as the results from pre-treatment 

(dissolved COD and VFA) and MP batch experiment were the same regardless of pH. 

The low methane contents in the substrate controls EOP-C1, EOP-C2, EOP7-C1 and EOP7-C2 (30%, 

31%, 27% and 32% respectively from Table J. 2) might be due to the low methane yields (Figure 11).  

5.3 Photo Fenton reaction 

Pre-treatment with photo-Fenton was performed due to little increase in biodegradability with the 

biological pre-treatment methods. An advantage by pre-treating EOP wastewater with the photo-

Fenton reactions was that the wastewater that comes directly from the pulp and paper mill contains 

hydrogen peroxide and a little iron, which are two of the photo-Fenton reaction reagents. Possibly, in 

full scale it might only be necessary to apply UV-radiation on the stream at the mill. Pre-treatment 

with the photo-Fenton reaction is recommended for substrates with low COD and TOC (reviewed by 

Pera-Titus et al., 2004), which was the case for the EOP wastewater (Table 1). Today the pre-

treatment method is used in cases where total reduction of TOC is desired, but in this project the aim 

was to oxidize the compounds to make them more biodegradable. The question was if it was possible 

to create a reaction condition where the hydroxyl radicals will be selective and only attack the lignin 

and not the already opened ring structures? 

5.3.1 Evaluation in MODDE© 

Evaluation of the responses in MODDE© did not give a clear answer to what the optimal reaction 

conditions were, because the only response that fitted the model was TOC in experiment 2. The 

evaluation in MODDE© from experiment 1 showed that none of the parameters were significant for 

VFA (Table 8). Due to no significant parameter for VFA it was difficult to decide the new ranges for 

the second experiment. The new ranges were therefore mainly based on the results from reduction 

of TOC and absorbance (reaction time, initial concentrations of hydrogen peroxide and iron ions 

were the significant parameters). The decision of the new ranges from reduction of TOC did not 

really agree with the aim, since low reduction of TOC was desired. It has however been shown that a 

high reduction of TOC could increase the biodegradability (Jamil, et al., 2010) and due to this study 

the decision seemed reasonable.  
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Evaluation of the responses in MODDE© from the second experiment showed that time and a 

pH*time-term were significant for COD, TOC (which fitted the model) and absorbance. The pH*time-

term showed that there was a correlation between the pH and the time, but the correlation was 

different in the three cases (Table 10). Also evaluation in MODDE© of experiment 2 showed no 

significant parameter for VFA, which suggests that there might be a risk that it is not possible to 

control the production of VFA only by varying the parameters of the photo-Fenton reaction.  

5.3.2 Changes in COD, TOC, absorbance and VFA 

Changes in the responses (COD, TOC, absorbance, VFA and methane yield) showed that something 

happened during pre-treatment with the photo-Fenton reaction.  

A decrease in total COD showed that oxidation actually occurred.  In the cases where both TOC and 

COD or only TOC decreased, a total oxidation to carbon dioxide occurred. Occurrence of total 

oxidation leads to loss of important organic compounds that could have been transformed to 

methane instead, so as small reduction of TOC as possible was desired. Foam and bubbles could be 

observed during the reaction for most reaction conditions, which also indicated that total oxidation 

occurred and that carbon dioxide was formed.  

A reduction of absorbance indicated that the structures of the absorbing compounds have changed. 

A high reduction of absorbance at 280 nm was desired because that is the wavelength where lignin 

absorbs. A reduction hopefully means that the stable ring structures of lignin have been opened. The 

change of the structure of lignin might have increased their biodegradability and thereby the 

methane yield. The absorbance decreased in a range of 190 to 430 nm in some of the cases, which 

indicated that other compounds than lignin were oxidized also (Xu, et al., 2007).  

Production of VFA was desired, because VFA are biodegradable and an increase in VFA from pre-

treatment would probably lead to an increase in methane yield. A study shows that the 

biodegradability of a substrate could be increased by removal of COD (Jamil, et al., 2010) and such a 

pattern could be seen in experiment 2 (Table 9), but not in experiment 1 (Table 7). A review by Pera-

Titus et al. (2004) claims that compounds such as short-chain carboxyl compounds cannot be fully 

oxidized by the photo-Fenton reaction, which means that there should be an accumulation of 

compounds that are more biodegradable. Only in one case (beaker 8 in experiment 2 (Table 9)), the 

desired pattern low reduction of TOC and high production of VFA, could be seen. It is possible that 

the smaller and already biodegradable compounds were oxidized by the hydroxyl radicals before the 

stable ring structure of lignin were opened. This could be an explanation why there was a decrease in 

VFA in some cases. Another possibility is that the ring structures that were opened were totally 

oxidized directly (Pichat, 1997) and no increase in biodegradability of the remaining TOC occurred, 

which could explain the cases where both absorbance and TOC decreased. Since the organic acids 

were chosen to be presented as VFA and not as the total concentration of organic acids (Hach 

LANGE, Germany), due to bad reproducibility, there might have been an increase of organic acids 

that were not seen.  

5.3.3 Methane production 

The methane yields did not increase after pre-treatment with the photo-Fenton reaction at any of 

the reaction conditions. The lower methane yields could be due to total reduction of TOC or that the 

photo-Fenton reagents inhibited anaerobic digestion. Reduction of TOC could affect the methane 

yield negatively if a lot of the biodegradable compounds have been totally oxidized and only the non-
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biodegradable compounds were left. Fe(III) is formed from the photo-Fenton reagent Fe(II). The iron-

reducing microorganisms compete for the same substrates as the methanogenic microorganisms. 

The methanogenic microorganisms can easily be outcompeted by the iron-reducing microorganisms 

and thereby prevent the methane from being produced. Fe(III) acts as an electron carrier for the 

iron-reducing microorganisms. Inhibition of the methanogenesis could also have been caused by an 

increase in the redox potential which occurs when there is a high concentration of Fe(III) in the 

solution. (Bodegom, et al., 2004)  

There is a correlation between the methane production curves, production of VFA and the initial 

concentration of Fe(II). In the cases where VFA was produced and a high initial concentration of Fe(II) 

was used (F2, F3 and F8 in Figure 15) the methane production increased until day seven and then it 

decreased during the rest of the incubation time. In three of the cases the initial concentration of 

Fe(II) was low, a reduction of VFA had occurred and the methane production curve increased from 

day 1 until day 25, then it stabilized (F1, F4 and F6 in Figure 15). F5 (Figure 15) had a negative 

methane production from day 1 and it decreased until day 41. This was the only case with a high 

initial concentration of Fe(II) and a reduction of VFA. F7 which had a low initial concentration of Fe(II) 

and a high production of VFA had a negative methane production until day 11 and then it increased 

again. This was not expected, since it was the case with the highest production of VFA and low 

concentration of Fe(II). The biogas production (not presented) was very high for F7 the first day, 

while the methane content was low, which indicated that hydrogen gas was produced. When the 

overpressure was released after the sampling some of the hydrogen gas was released out of the 

bottle and this resulted in less substrate for the methanogenic microorganisms and thereby less 

methane was produced. It is difficult to explain the correlation between the methane production 

curves, production of VFA and the initial concentration of Fe(II). If direct inhibition (the redox 

potential) or inhibition by substrate competition was the answer then the curves would probably 

have looked different. Inhibition should have started initially and then the methane yield should not 

have increased as much as it did in the beginning of the incubation (Figure 15). Also, if inhibition by 

substrate competition occurred the concentration of Fe(III) would have decreased. Thereby there 

might have been a chance for the methanogenic microorganisms to outcompete the Fe(III)-reducing 

microorganisms and for methanogenesis to recover. The variation in methane content in the 

different reaction conditions, especially not the high methane contents for F8 and F9 (81% and 71% 

respectively) cannot be explained. 

To be able to evaluate pre-treatment with photo-Fenton reactions with a methane production 

experiment it would be appropriate to try to reduce or remove the iron, to avoid inhibition of the 

methanogenesis. A common way of reducing the iron concentration is to precipitate it with sulfide. A 

too high concentration of sulfide should also be avoided because hydrogen sulfide which also inhibits 

the methanogenesis could be produced (reviewed by Chen et al., 2007). The sulfide that was added 

in the bottles during preparation of a MP batch experiment (see Materials and methods above) has 

the function to reduce the remaining oxygen to give an anaerobic environment in the bottles and as 

nutrition. These functions might be lost if the sulfide forms a precipitate with iron instead and this 

might also have affected the results. A precipitate could be seen when sulfide was added. 
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6. Conclusions 

 

Pre-acidification reactor 

• Pre-treatment in a pre-acidification reactor was most effective in 37 °C where the 

concentrations of soluble organic compounds increased for all the substrates. 

• The methane yield increased for pre-sedimentation wastewater and slightly for NSSC 

wastewater, while it did not increase for EOP wastewater, after pre-treatment in a pre-

acidification reactor. 

• The initial methane production rate was higher for pre-treated pre-sedimentation 

wastewater and NSSC wastewater compared to untreated. 

FADE© 

• Pre-treatment with FADE© resulted in a minor increase of soluble organic compounds for all 

the substrates. 

• Pre-treatment with the FADE© setup did not suit the wastewaters EOP, NSSC or pre-

sedimentation, but it worked for cellulose. 

• The methane yield increased slightly for EOP wastewater with pH 11 and 7, while there was 

no change for pre-sedimentation wastewater compared to the FADE© control in 32 °C. 

Photo-Fenton reactions 

• All parameters were non-significant for production of VFA in both experiments. 

• The desired pattern high reduction of absorbance, low reduction of TOC and high production 

of VFA could not been seen in any of the reaction conditions.  

• Pre-treatment with photo-Fenton reactions did not increase the methane yield for EOP 

wastewater. 
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Appendices  

 

Appendix A 

Calculation of sum VFA 

The data collected from the VFA-GC is given in mole/L per acid (acetic-, propionic-, isobutyric-, 

butyric-, isovaleric-, valeric-, isocaproic-, caproic- and heptanoic acid). The data have been 

recalculated and presented as mg/L in a sum VFA parameter of all the acids.  
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Example: 

One sample contained 1.4 mole/L acetic acid and 0.1 mole/L butyric acid. The molecular weights of 

acetic- and butyric acid are 60 g/mole and 88 g/mole, respectively. 
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Appendix B 

Pre-acidification reactor experiment 1 – Absolute values 

Table B. 1. Dissolved COD and TOC, Sum VFA and pH, initial values and after pre-treatment, for NSSC 

wastewater in pre-acidification experiment 1 with different inoculum types (primary sludge (Ps) and 

biological sludge (Bs)) and temperature (19 °C and 37 °C). 

  Dissolved COD   Dissolved TOC   Sum VFA   pH 

(mg O2/L) (mg/L) (mg/L) 

Initial 

Pre-

treated Initial 

Pre-

treated Initial 

Pre-

treated Initial 

Pre-

treated 

NSSC-19 2739 2802 871 924 198 199 7.3 7.7 

NSSC-Ps19 1893 2206 634 727 209 145 7.0 7.1 

NSSC-Bs19 2415 2295 802 769 180 66.6 7.2 7.4 

NSSC-37 2739 2838 871 930 198 215 7.3 7.6 

NSSC-Ps37 1893 2265 634 754 209 253 7.0 6.9 

NSSC-Bs37 2415 2419   802 803   180 200   7.2 7.0 
 

  



 

Appendix C 

 

Pre-acidification reactor experiment 2 – Absolute values 

Table C. 1. Dissolved COD and TOC, Sum VFA and pH, initial values and after pre-treatment, for the 

wastewaters EOP, NSSC and PS in pre-acidification experiment 2 where pH was 5.5, intermittent stirring (100 

rpm for 15 minutes per hour) and with different temperature (19 °C and 37 °C). The reactors abbreviated 

according to their substrate-pH adjusted to 5.5-reaction temperature. 

    Dissolved COD   Dissolved TOC   Sum VFA   pH 

(mg O2/L) (mg/L) (mg/L)     

Initial 

Pre-

treated Initial  

Pre-

treated Initial  

Pre-

treated Initial  

Pre-

treated 

EOP-pH-19 1162 1157 501 499 45.8 43.4 5.5 6.1 

NSSC-pH-19 1976 1896 658 646 163 172 5.5 5.5 

PS-pH-19 805.3 763.3 302 279 69.8 106 5.5 5.6 

EOP-pH-37 1162 1189 501 498 45.8 50.0 5.5 6.1 

NSSC-pH-37 1976 1972 658 660 163 213 5.5 5.4 

PS-pH-37   805.3 841.3   302 313   69.8 192   5.5 5.6 
 

 

Pre-acidification reactor experiment 2 – MP batch experiment 

Table C. 2. Batch 1 - pre-treatment in pre-acidification reactor. Organic loading (COD, TOC, VS per bottle) and 

methane content are given. Four of the pre-acidification tests were evaluated in a MP batch experiment; 

pre-sedimentation wastewater adjusted to pH 5.5 in 19 °C and 37 °C (PS-pH-19 and PS-pH-37), EOP 

wastewater adjusted to pH 5.5 in 37 °C (EOP-pH-37) and NSSC wastewater adjusted to pH 5.5 in 37 °C. The 

untreated substrates (EOP untreated, NSSC untreated and PS untreated) that are presented in the here were 

not run in the same MP batch experiment as the pre-treated substrates, so the results are not strictly 

comparable. The positive control contained cellulose. 

  Organic loading   Methane content 

COD TOC VS 

(mg/bottle) (mg/bottle) (g/bottle) (% methane of biogas) 

PS-pH-19 139 39.5 68 

EOP-pH-37 112 48.2 54 

NSSC-pH-37 291 95.3 66 

PS-pH-37 183 65.5 72 

EOP untreated 212 88.4 51 

NSSC untreated 509 133 56 

PS untreated 469 128 53 

Positive control         1.5   51 
 

  



 

Appendix D 

FADE© addition of substrate – Absolute values 

Table D. 1. Changes in COD and VFA before addition of substrate and one day after, in 19 °C and 32 °C, for 

NSSC wastewater, filtered NSSC wastewater (NSSC filt.), EOP wastewater and biological sludge (BS).  

  COD   Sum VFA 

(mg O2/L) (mg/L) 

19 °C   32 °C 19 °C   32 °C 

NSSC 1699 1661 1699 2271 96.7 142 96.7 309 

NSSC filt. 1595 1628 1595 1992 107 152 107 391 

EOP 1499 1523 1499 1812 56.6 82.2 56.6 278 

BS 308.7 351.0   308.7 477.7   8.4 69.9   8.4 92.0 
 

 

  



 

Appendix E 

FADE© - Absolute values 

Table E. 1. Addition of substrate to active FADE
©

; COD, TOC, Sum VFA and pH, initial values and after pre-

treatment.  Pre-treatment of the substrates EOP wastewater (EOP-E), EOP wastewater with pH 7 (EOP7-E), 

pre-sedimentation wastewater (PS-E) and cellulose (E-Cell) were performed before a MP batch experiment. 

The other were controls; substrate controls in 4 °C and 32 °C (substrate-C1 and substrate-C2 respectively) 

and FADE
©

 controls in 4 °C and 32 °C (E-C1 and E-C2 respectively). 

  COD   TOC   Sum VFA   pH 

(mg O2/L) (mg/L) (mg/L)     

Initial 

Pre-

treated Initial 

Pre-

treated Initial 

Pre-

treated Initial 

Pre-

treated 

EOP-E 1898 1827 715 606 143 157 6.7 5.9 

EOP-C1 560.7 559.7 220 217 12.6 0 10.7 10.4 

EOP-C2 557.0 555.0 216 218 12.0 0 10.7 10.8 

EOP7-E 1952 1786 716 601 106 124 5.9 5.4 

EOP7-C1 373.3 555.7 220 214 11.4 0 7.5 7.9 

EOP7-C2 555.3 554.3 210 212 10.2 0 7.6 7.6 

PS-E 1752 1659 588 518 170 313 5.3 4.7 

PS-C1 418.0 415.0 125 125 52.8 58.4 6.9 6.8 

PS-C2 418.0 423.3 125 128 50.4 55.2 6.9 6.8 

E-C1 1409 1497 504 479 118 291 4.8 4.2 

E-C2 1415 1439 503 496 114 110 4.7 4.8 

E-Cell 1398 1519   511 476   116 327   4.7 4.2 
 
 

  



 

FADE© - MP batch experiment 

Table E. 2. Batch 2 - pre-treatment with FADE
©

. Organic loading (COD, TOC, VS per bottle) after preparation 

of the bottles and methane content. Pre-treatment of the substrates EOP wastewater (EOP-E), EOP 

wastewater with pH 7 (EOP7-E), pre-sedimentation wastewater (PS-E) and cellulose (E-Cell) were performed 

before the MP batch experiment. The other were controls; substrate controls in 4 °C and 32 °C (substrate-C1 

and substrate-C2 respectively) and FADE
©

 controls in 4 °C and 32 °C (E-C1 and E-C2 respectively). Also 

untreated EOP and PS were evaluated in the MP batch experiment. 

  Organic loading   Methane content 

COD TOC VS 

(mg/bottle) (mg/bottle) (g/bottle) (% methane of biogas) 

EOP-E 251 82.5 58 

EOP-C1 76.1 29.9 30 

EOP-C2 76.8 29.8 31 

EOP7-E 245 24.5 56 

EOP7-C1 76.1 29.4 27 

EOP7-C2 76.3 29.4 32 

PS-E 228 71.1 60 

PS-C1 58.1 17.6 52 

PS-C2 56.9 17.1 47 

E-C1 198 67.7 53 

E-C2 205 65.7 58 

E-Cell 208 65.5 54 

EOP untreated 212 88.4 51 

PS untreated 469 128 53 

Positive control         1.5   57 



 

Appendix F 

Photo-Fenton reaction conditions for experiment 1 and 2 

Table F. 1. The photo-Fenton reaction conditions for experiment 1 and 2; initial pH, reaction time, initial 

concentration of hydrogen peroxide and initial concentration of ferrous ions. Beaker numbers 9-11 are 

center points with the same reaction conditions.  

  
pH 

  
Time 

  
H2O2 

  
Fe(II) 

   (min) (mM) (mM) 

Experiment 1               

Beaker number 

1 3.0 5.0 6.5 0.6 

2 6.0 5.0 6.5 6.5 

3 3.0 20.0 6.5 6.5 

4 6.0 20.0 6.5 0.6 

5 3.0 5.0 65 6.5 

6 6.0 5.0 65 0.6 

7 3.0 20.0 65 0.6 

8 6.0 20.0 65 6.5 

9 4.5 12.5 36 3.6 

10 4.5 12.5 36 3.6 

11 4.5 12.5 36 3.6 

Experiment 2               

Beaker number 

1 3.0 5.0 6.5 0.6 

2 11 5.0 6.5 6.5 

3 3.0 60.0 6.5 6.5 

4 11 60.0 6.5 0.6 

5 3.0 5.0 65 6.5 

6 11 5.0 65 0.6 

7 3.0 60.0 65 0.6 

8 11 60.0 65 6.5 

9 7.0 32.5 36 3.6 

10 7.0 32.5 36 3.6 

11 7.0   32.5   36   3.6 
 

 
  



 

Appendix G 

Photo-Fenton reaction experiment 1 – Absolute values 

 

Table G. 1. Photo-Fenton reaction experiment 1. TOC, absorbance, COD and Sum VFA initially of the 

experiment and after pre-treatment. The reaction conditions 1-11 are presented in Table F. 1. 

    TOC   A   COD   Sum VFA 

(mg/L)     (mg O2/L) (mg/L) 

Experiment 

number Initial 

Pre-

treated Initial 

Pre-

treated Initial 

Pre-

treated Initial 

Pre-

treated 

1 591 515 0.6 0.6 1350 1316 20 21 

2 412 397 0.8 0.8 880.0 841.3 19 19 

3 500 384 0.9 0.7 757.3 682.7 17 21 

4 608 581 0.6 0.6 1402 1367 20 21 

5 492 365 1.5 1.1 853.3 563.3 28 22 

6 608 518 0.6 0.6 1310 1359 21 22 

7 571 552 0.6 0.6 1402 1189 42 31 

8 469 375 1.0 0.5 1034 1026 22 22 

9 550 524 1.1 1.0 1165 1143 22 24 

10 551 480 1.1 1.1 1240 1179 26 24 

11   556 483   1.1 1.0   1140 1131   22 22 
 

 

  



 

Appendix H 

Photo-Fenton reaction experiment 1 – Absorbance 

Absorbance was measured at different wavelength (190-700 nm), to investigate if the structure of 

other compounds than lignin (absorb at 290 nm) had been changed after pre-treatment with photo-

Fenton reaction. Reduction of absorbance at the different wavelength varied between the different 

reaction conditions (Table F. 1). The blue dots are the absorbance before pre-treatment and the red 

dots are the absorbance after pre-treatment. 
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Figure H. 1. Absorbance within the interval 190-700 nm after pre-treatment of EOP wastewater with the 

different reaction conditions of photo-Fenton reaction in experiment 1. The reaction conditions 1-11 in 

beakers 1-11 are presented in Table F. 1. 
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Appendix I 

Photo-Fenton reaction experiment 1 – evaluation in MODDE© 

“Summary of fit” plot 

The “summary of fit” plot present R2 (the green bars), Q2 (the dark blue bars), model validity (the 

yellow bars) and reproducibility (the light blue bars).  

• R2 shows how well the model fits the data. R2 varies between 0 and 1, where 1 corresponds 

to a perfect model and 0 corresponds to no model at all. An R2 > 0.75 indicates that a stable 

and useful model has been obtained. 

• Q2 shows how well the model can predict new experiments. Q2 varies between -∞ and 1. Q2 

> 0.5 indicates a good prediction, while Q2 = 1 indicates an excellent prediction. Q2 is a 

better indicator than R2 of the models usefulness. The difference between Q2 and R2 should 

not be larger than 0.3.  

• Model validity indicates if the model is good or not. A model validity > 0.25 indicates a good 

model, while a model validity < 0.25 indicates significant “lack of fit”. 

• Reproducibility shows the replicate variation. Reproducibility < 0.5 indicates a large pure 

error. 

 

 
Figure I. 1. “Summary of fit” for the models with TOC, COD absorbance (A) and Sum VFA. The low R2 values 

for TOC, COD and sum VFA indicate that these data does not fit the models. Even though R2 is higher than 

0.75 for the absorbance (which indicates a stable and useful model) the difference between R2 and Q2 are 

larger than 0.3.  

  



 

Scaled and centered coefficient plots 

The coefficient plot shows the coefficients when changing a response from zero to high, with the 

coefficient interval as an error bar. When the error bar covers the whole coefficient bar the factor is 

not statistical significant for the response at a coefficient level of 95%.  

 

 

 
 

 

 

 
 

 

 

N = 11 R2 = 0.158 RSD = 38.18 

DF = 9 Q2 = 0.050 Conf. lev. = 0.95  

N = 11 R2 = 0.433 RSD = 78.05 

DF = 9 Q2 = 0.277 Conf. lev. = 0.95  



 

 

 

 

 

 

 

 

 

Figure I. 2. Scaled and centered coefficient plots for TOC, COD, absorbance (A) and Sum VFA. The parameters 

H2O2 concentration, Fe(II) concentration and reaction time were significant (at a coefficient level of 95%) for 

the absorbance, pH was significant for reduction of COD. All parameters were non-significant (at a coefficient 

level of 95%) for TOC and Sum VFA. N is number of experiments, DF is the degree of freedom, R2 show how 

well the data fits the model and Q2 how well the model can predict new experiment, RSD is the residual 

standard deviation and conf. lev. is the confidence level.  

  

N = 10 R2 = .926 RSD = 0.1543 

DF = 6 Q2 = 0.547 Conf. lev. = 0.95  

N = 11 R2 = 0.326 RSD = 3.582 

DF = 9 Q2 = 0.147 Conf. lev. = 0.95  



 
 

Contour plots 

4D contour plots were used to interpret the data. 

 
Figure I. 3. COD 4D contour plot shows variation in reduction of total COD at the different reaction conditions. As low reduction of COD as possible is desired, which can 

be seen in the blue areas. Lowest reduction is shown to be at high pH (pH 6). Neither reaction time nor initial concentrations of H2O2 and Fe(II) affect reduction of COD.  



 
 

 
Figure I. 4. TOC 4D contour plot shows variation in reduction of total TOC at the different reaction conditions. As low reduction of TOC as possible was desired, which 

can be seen in the blue areas. Lowest reduction is shown to be at a short time, 5 minutes. Neither pH nor initial concentrations of H2O2 and Fe(II) affect reduction of 

TOC. 



 
 

 
Figure I. 5. Absorbance 4D contour plot shows variation in reduction of absorbance at the different reaction conditions. As high reduction of absorbance at 290 nm as 

possible is wanted, which can be seen in the red area. The highest reduction was at long reaction time and at high initial concentrations of H2O2 and Fe(II). Variation in 

pH within the chosen interval does not affect the reduction. 



 
 

 
Figure I. 6. Sum VFA 4D contour plot shows variation in production of sum VFA at the different reaction conditions. A high production of VFA was wanted, which can be 

seen in the red area. Production of VFA is only affected by the initial concentration of Fe(II), high production is shown to be at low Fe(II) concentration. It is not affected 

by variation within the chosen range of the other parameters. 

  



 
 

Appendix J 

Photo-Fenton reaction experiment 2 – Absolute values 

Table J. 1. Photo-Fenton reaction experiment 2. TOC, absorbance, COD and Sum VFA initially and after pre-

treatment. The reaction conditions 1-11 are presented in Table F. 1. 

  TOC   A   COD   Sum VFA 

(mg/L)     (mg O2/L) (mg/L) 

Beaker 

number Initial 

Pre-

treated Initial 

Pre-

treated Initial 

Pre-

treated Initial 

Pre-

treated 

1 540 590 0.5 0.6 1348 1354 20 19 

2 407 400 0.3 0.3 928.0 931.7 18 19 

3 467 404 0.9 0.7 1084 942.7 19 22 

4 615 626 0.6 0.6 1435 1416 29 20 

5 258 273 0.7 0.7 557.0 555.0 25 24 

6 618 624 0.6 0.6 1425 1422 30 21 

7 592 456 0.5 0.4 1168 918.3 17 30 

8 413 411 0.3 0.3 915.7 938.0 18 22 

9 539 544 1.1 1.1 1328 1275 21 22 

10 540 557 1.1 1.1 1323 1282 31 20 

11 584 552   1.1 1.1   1324 1290   33 21 
 

 

Photo-Fenton reaction experiment 2 – MP batch experiment 

Table J. 2. Organic loading (COD, TOC, VS per bottle) and methane content in batch 3. The reaction 

conditions 1-11 are presented in Table F. 1. F6-initial which had the same concentration of reagents as F6, 

but with reaction time 0 instead, and untreated EOP were included in the MP batch experiment as controls. 

  Organic loading   Methane content 

COD TOC VS 

(mg/bottle) (mg/bottle) (g/bottle) (% methane of biogas) 

F1 186 80 58 

F2 128 55 - 

F3 129 55 24 

F4 194 86 63 

F5 76.1 38 45 

F6 195 86 52 

F7 126 63 30 

F8 129 57 81 

F9 175 75 71 

F10 176 76 62 

F11 177 76 58 

F6 initial 198 54 

EOP untreated 201 54 

Positive control 1.5 52 
 



 

Appendix K 

Photo-Fenton reaction experiment 2 – Absorbance 

Absorbance was measured at different wavelength (190-700 nm), to investigate if the structure of 

other compounds than lignin (absorb at 290 nm) had been changed after pre-treatment with photo-

Fenton reaction. Reduction of absorbance at the different wavelength varied between the different 

reaction conditions (Table F. 1). The blue dots are the absorbance before pre-treatment and the red 

dots are the absorbance after pre-treatment. 
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Figure K. 1. Absorbance within the interval 190-700 nm after pre-treatment of EOP wastewater with the 

different reaction conditions of photo-Fenton reaction in experiment 2. The reaction conditions in beakers 1-

11 are presented in Table F. 1. 
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Appendix L 

Photo-Fenton reaction experiment 2 – evaluation in MODDE© 

“Summary of fit” plot 

 
Figure L. 1. “Summary of fit” of the models for COD, TOC, absorbance (A), VFA and methane potential (MP). The high R2 (> 0.75) and Q2 (>0.5) for COD and TOC 

indicated that a stable and useful model, that can predict new experiments well, was obtained. However, the model validity for COD indicated “lack of fit” of the model 

(<0.25), while for TOC it indicated a good model (>0.25). The low R2 (<0.75) for absorbance, VFA and MP indicated that the data did not fit the models. The even lower 

Q2 (<0.5) indicated that the models also are bad at predicting new experiments. The high reproducibility (>0.5), for all the responses, showed that there are no large 

pure error.  

 



 
 

Scaled and centered coefficient plots 

 

 

 

 

 

 

 

 

 

 

N = 11 R2 = 0.920 RSD =2.346 

DF = 7 Q2 = 0.727 Conf. lev. = 0.95 

N = 11 R2 = 0.871 RSD = 3.89 

DF = 7 Q2 = 0.665 Conf. lev. = 0.95  



 

 

 

 

 

 

 

 

 

N = 11 R2 = 0.719 RSD = 7.913 

DF = 7 Q2 = 0.039 Conf. lev. = 0.95  

N = 11 R2 = 0.304 RSD = 30.47 

DF = 8 Q2 = -0.339 Conf. lev. = 0.95  



 

 

 
Figure L. 2. Scaled and centered coefficient plots for COD, TOC, absorbance, sum VFA and methane potential. 

pH, time and pH*time was significant parameters for COD. Time and pH*time was significant for both TOC 

and absorbance. All parameters were non-significant for VFA, while only H2O2 was significant for the 

methane potential. The significances are at a coefficient level of 95%. N is the number of experiments, DF is 

the degree of freedoms, R2 show how well the data fits the model, Q2 show how well the model can predict 

new experiments, RSD is the residual standard deviation and conf. lev. is the confidence level.  

 

  

N = 11 R2 = 0.602 RSD = 55.37 

DF = 8 Q2 = 0.089 Conf. lev. = 0.95  



 
 

4D contour plots 

 
Figure L. 3. 4D contour plot for chemical oxygen demand, shows variations in total COD at the different reaction conditions. A low reduction of COD was desired, which 

can be seen in the dark blue area. Lowest reduction occurred at pH 11 and 5 minutes. It is not affected by initial concentrations Fe(II) and H2O2. The parameter Fe(II) is 

not shown due to its non-significance for all the responses. 

 



 
 

 
Figure L. 4. 4D contour plot for total organic carbon, shows variations in TOC at the different reaction conditions. A low reduction of TOC was desired, which can be seen 

in the dark blue area. Lowest reduction occurred at pH 3 and 60 minutes. It is not affected by initial concentrations Fe(II) and H2O2. The parameter Fe(II) is not shown 

due to its non-significance for all the responses. 

 



 
 

 
Figure L. 5. 4D contour plot for absorbance, shows variations in reduction of absorbance at the different reaction conditions. A high reduction in absorbance was 

desired, which can be seen in the red area. Highest reduction of absorbance occurred at pH 3 and 60 minutes. It is not affected by initial concentrations Fe(II) and H2O2. 

The parameter Fe(II) is not shown due to its non-significance for all the responses. 

 



 
 

 
Figure L. 6. 4D contour plot for production of volatile fatty acids (sum VFA), shows variations in production of volatile fatty acids at the different reaction conditions. A 

high production of VFA was desired, which can be seen in the red area. Highest production of VFA occurred in pH 3 and with a reaction time of 60 minutes. It is not 

affected by initial concentrations of Fe(II) and H2O2. The parameter Fe(II) is not shown due to its non-significance for all the responses. 

 



 
 

 
Figure L. 7. 4D contour plot for methane potential, shows variation in production of methane at the different reaction conditions. A high production of methane was 

desired, which can be seen in the red area. The methane production is highest at pH 11 and with an initial concentration of 6.5 mM H2O2. It is not affected by time and 

initial concentration of Fe(II). The parameter Fe(II) is not shown due to its non-significance for all the responses. 


