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Ágrip 
Það hefur aldrei verið jafn mikilvægt eins og það er nú að finna lausnir sem koma í stað fyrir 

jarðefnaeldsneyti. Fyrir utan það að auðlindin fer sífellt minnkandi þá fylgja henni ýmis 

vandamál hvað varðar mengun og úrgang. Þegar rætt er um jarðefnaeldsneyti þá er sjaldan 

talað um olíuefnageirann, jafnvel þó svo að 90% af efnageiranum byggir á jarðefnaeldsneyti. 

Karboxýlsýrur hafa jafnan verið framleiddar úr jarðefnaeldsneyti og eru mikilvægar 

efnafræðilegar byggingareiningar ýmissa efna. Hinsvegar, þá er hægt að framleiða 

karboxýlsýrur á mun sjálfbærari máta með því að nota lífmassa í loftfirrtri gerjun.  

 Tilgangur þessa lokaverkefnis er að sýna fram á það að karboxýlsýrur geta verið 

framleiddar bæði úr plöntumassa sem finnst í miklu magni á Íslandi sem og úrgangslífmassa í 

samblandi við dýra saur.  Með þessum hætti er sýnt fram á aukið virði úrgangs og hlutverk þess 

í að búa til sjálfbærari efnafræðilegar byggingareiningar í stað jarðefnaeldsneytis.   
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Abstract 
The importance of moving away from using fossil fuel has never been greater than now. Not 

only is the material becoming increasingly scarcer but also because it creates immense amount 

of pollution and waste. When discussing fossil fuels, the petrochemical industry is rarely 

mentioned even though fossil fuel is the foundation of the chemical industry, making up 90% 

of it. Carboxylic acids have traditionally been produced from fossil fuel and are an important 

chemical building block for the production of various chemicals. However, carboxylic acids can 

be produced in a much more sustainable way with biomass through anaerobic digestion, or 

fermentation.  

 The purpose of this thesis is to show that carboxylic acids can be produced out of plant 

biomass found both in abundance in Iceland, as well as waste biomass, additionally with animal 

faeces. Therefore, showing the value of a circular bioeconomy as well as creating more 

sustainable chemical building blocks out of waste rather than fossil fuel.  
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1 Introduction 

1.1 Traditional chemical building blocks  
The modern world faces many threats, of which climate change and chemical pollution are 

arguably one of the biggest. What contributes greatly to these threats is the fossil fuel industry, 

a finite material that is becoming increasingly scarcer, with projections of the reserves being 

exhausted by 2060 (Demeneix, 2020; Frumkin et al., 2009; Saleem, 2022). However, when 

discussing the fossil fuel industry, the petrochemical 

side of it is rarely mentioned even though it is the 

foundation of the chemical sector as 90% of the entire 

chemical industry is produced from fossil fuel and the 

modern industrial economy is completely reliant on it 

(International Energy Agency, 2018; Levi & Cullen, 

2018; Sherwood, 2020). Around 513.4 Mt/year of 

fossil feedstocks and 162.6 Mt/year of refinery 

feedstock are generated per annum with an secondary 

reactants making up for the 820.3 Mt/year of chemical 

products produced yearly (Levi & Cullen, 2018). The 

majority of these products, about 70%, goes into the 

production of nitrogen fertilisers, plastics, synthetic 

fibres, and rubber, as summarized in Figure 1. Despite 

the strong global consumption of these materials 

made from finite resources, the demand for them is 

only increasing despite their environmental impact 

(International Energy Agency, 2018). The urgency of 

replacing the material for a more sustainable one is 

not only necessary because of the risk of exhausting 

the feedstock or how it is non-renewable in nature but 

Figure 1: The petrochemical industry 
product stream. On the left is the 
feedstocks, coal, liquid oil products, 
extracted olefins and aromatics, water, 
carbon dioxide, nitrogen, phosphoric acid 
and other reactants. On the right are the 
products created from the feedstock, 
Nitrogen fertilizers, thermoplastic, 
fibers/thermosets/elastomers, 
additives/solvents/explosives, HCl, carbon 
dioxide, methane, water and other 
products. The largest outputs are visibly 
the nitrogen fertilizers and plastics.  
(modified from Sherwood, 2020) 
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also because of the scale of waste it creates and its pollution (Sherwood, 2020). Therefore, the 

importance of a move in the direction of a circular bioeconomy has never been greater. 

Transforming the bioeconomy from the dominating linear to circular is a crucial step in battling 

the global changes, see Figure 2 for a visual comparison of the two. Biotechnology and 

microorganisms will play a key role in making these changes happen (Antranikian & Streit, 

2022).   

 

Figure 2: Linear versus circular bioeconomy. Represented on the left is linear bioeconomy where raw 
materials, such as biomass, is taken, out of that is made a material that we use and later dispose of, creating 
pollution. On the right circular bioeconomy is represented where raw materials go through a sustainable 
production to create a material that is later used, or re-used and then recycled to further create materials, 
cutting out the disposal and pollutive step(modified from Antranikian & Streit, 2022). 

A sustainable alternative to the fossil fuel feedstock is biomass, an umbrella term for all 

organic material derived from plants or animals(Sherwood, 2020). This includes solid waste, 

such as sewage sludge, livestock manure, food waste, agricultural residue, and organic fractions 

of municipal solid waste. Traditionally, these end-of-life materials are considered waste 

products, however, they have the opportunity to enter the circular bioeconomy and contribute 

to the production of material that could replace linear bioeconomy feedstock. In 2016, 

approximately 58% of the organic fraction of municipal solid waste within the EU was sent to 

landfill or incinerated however, with anaerobic and aerobic digestion technologies, these 

biomasses can be converted to biogas, nutrients (i.e. phosphate, nitrate), and volatile fatty 

acids (also known as carboxylic acids) (De Groof et al., 2019; Mohan et al., 2020). 
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At present, carboxylic acids are predominately produced from petroleum feedstocks 

and are used as platform chemicals for the production of chemicals building blocks. They have 

a broad range of applications in the pharmaceutical and chemical synthesis, plastic production, 

the food and agricultural industries, among other applications (Ramos-Suarez et al., 2021) and 

are thus an essential class of chemical buildings blocks. Hence, replacing the production of 

carboxylic acids from a linear bioeconomy-based fossil fuel production to a circular bioeconomy 

route with waste biomass and anaerobic digestion is a great opportunity to create value out of 

waste. More specifically, creating a more sustainable chemical industry as well as an 

opportunity to use waste otherwise going to landfill and incineration. 

 

1.2 Carboxylic acid 
Carboxylic acids are small organic acids that have a carboxylic group as well as other additional 

functional groups (see Figure 3). Although found in the natural environment, carboxylic acids 

are mass produced from petroleum-based feedstock through chemical synthesis, causing 

serious environmental effects. However, the fermentative production of carboxylic acids has 

recently gathered a lot of attention from the scientific community due to their potential as a 

renewable carbon source through the much more sustainable production route with biomass 

via fermentation (Atasoy et al., 2018; Huang et al., 2002; Siedlecka et al., 2008). One exception 

to this is acetic acid which is industrially produced via the fermentation of carbohydrates by 

various acetic acid-production bacteria. It is also worth noting that butyric acid produced by 

Clostridium species was once done on an industrial scale. 

 

Figure 3: Structure of a carboxylic acid attached to an R group
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Through fermentation, low molecular carboxylic acids, containing one to six carbons are 

produced as intermediates, namely formic acid (1 carbon atom), acetic acid (2 carbon atoms), 

propionic acid (3 carbon atoms), butyric acid (4 carbon atoms), valeric acid (5 carbon atoms), 

and caproic acid (6 carbon atoms). The ratio of each depending on substrates and conditions 

however, acetic, propionic and butyric acid being the most common. These acids are top ranked 

chemicals that have a much higher market value than methane, the end product of anaerobic 

digestion (Fufachev et al., 2020; Huang et al., 2002; Kim et al., 2018; Patel et al., 2021; Sukphun 

et al., 2021). As is shown in Figure 4 they are very versatile chemicals with multiple applications.  

 

The range in application of these acids varies greatly. If left to ferment they are used 

as substrate by microbes to create the biogases methane and hydrogen that can be utilized to 

create electricity (Ramos-Suarez et al., 2021). They can be used to create biopolymers such as 

the fibrous material polyvinyl acetate or cellulose acetate butyrate (Ramos-Suarez et al., 

2021), as well as creating biopolymers via a fermentative pathway and further into 

bioplastics. For example, through a mix culture of acetic acid, butyric acid and propionate acid 

to create polyhydroxyalkanoates (PHA), as well as with a mix culture of acetic acid and butyric 

Figure 4: The application of VFA (i.e. carboxylic acids) after physical seperation from fermentation culture.  If 
left in fermentation they will be converted to methane and hydrogen, both bio gases that can be utilized for 
electricity. They can be converted further with biological conversion to medium chain fatty acids (MCFA) or 
to biopolymers (both with chemical and biological conversion) as well as to ester. Later these chemicals and 
derivatives can be used to make products such as is shown in purple (modified from Ramos-Suarez et al., 
2021). 
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acid to create polyhydroxybutyrate (PHB), a harder crystalline polymer that leads to a more 

stiff and brittle bioplastic material (Fradinho et al., 2014).  Additionally, they can be converted 

to esters, ketones and alcohols for further chemical applications (Amani & Molander, 2017; 

Ramos-Suarez et al., 2021; Scully & Örlygsson, 2020).  

Acetic acid is a commodity chemical that has a wide variety of uses (Yang et al., 2007). 

The estimated global demand for acetic acid is well over 6.5 million tonnes with a growth rate 

of 3-4% per annum (Xu et al., 2011). It is a key chemical building block to manufacture items 

such as paint, rubber, plastics (polyethylene terephthalate for soda bottles), synthetic fibres, 

textile finishes, pesticides, polymer emulsions, paper coating to only name a few. Additionally, 

it plays an important role in the food and beverage industry, being a major component in acidity 

regulators and preservatives (Atasoy et al., 2018). 

Like acetic acid, Propionic acid has multiple applications. It can be used as a direct 

intermediate to produce various important industrial chemicals (Bhatia & Yang, 2017). It is one 

of the key elements in manufacturing vitamin E, it is used as a sodium salt, calcium, herbicides 

as well as flavouring agents, fragrances, for emulsions, synthetic cellulose fibres as well as a 

food preservative, as an example (Atasoy et al., 2018). The estimated market breakdown for 

propionic acid is presented in Figure 5 (Xu et al., 2011). 

 

 

Figure 5: Estimated market breakdown for propionic acids (data fram Xu et al., 2011).  

Butyric acid is considered a prospective chemical building block. There is a significant 

demand for butyric acid from biological origins for food and pharmaceutical applications 
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(Bhatia & Yang, 2017). The biological effects of butyric acids have been widely studied, such as 

a suppressor for colon cancer, as a therapy for hemoglobinopathies, cancer and various 

gastrointestinal diseases. Moreover, butyric acid derivatives have been developed to produce 

anaesthetic drugs, vasoconstrictor drugs as well as antithyroid drugs (Xu & Jiang, 2011).   

As the demand for these bio-carboxylic acids is so high, biotech companies around the 

globe have started producing the acids mentioned before via fermentation of renewable 

feedstock, with acetic acid being the most popular (Baumann & Westermann, 2016). These 

acids are produced microbially through pathways described in the following chapter. 
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1.3 Anaerobic digestion 
Anaerobic digestion (AD) is the biotechnological process where biomass or other organic 

matter is degraded by microbes under anoxic conditions into biogas, mostly methane and 

carbon dioxide, and residual material referred to as digestate, or more colloquially, “sludge”. 

This digestion is present in the natural environment where anoxic conditions exist, such as in 

sediments, wetlands, rice paddies as well as in extreme ecosystems such as hyper-saline 

sediments, shallow marine hydrothermal systems, and acid tundra peats (Nordberg, 1996). 

Historically, humans have been aware of the AD process for over 3000 years with studies 

showing biogas produced by rotting organic matter being utilized 1000 BC to heat up water in 

Assyrian bathhouses, all the way up to the late 18th century England where gas produced in 

sewage plants was used to fuel gas streetlamps. It can therefore be thought of as one of the 

earliest circular bioeconomies (Auer et al., 2017; Muthudineshkumar & Anand, 2019; Nikolausz 

& Kretzschmar, 2020). 

In recent decades, the process has been developed into a more sophisticated and 

engineered system. This development has been driven by the scientific community competing 

for an alternative to the rapidly decreasing supply of fossil fuel as well with the recent 

technological advancements leading to the AD process becoming increasingly more popular 

and understood (Achinas et al., 2020; Auer et al., 2017; Muthudineshkumar & Anand, 2019). 

Additionally, AD is widely used in the treatment of sewage sludge, industrial and municipal solid 

waste and wastewater as well as for conversion of agricultural residues and animal manure 

where the digestion turns this waste into methane, a bioenergy that can replace fossil fuel and 

lowering the environmental impact of the material prior to discharge into a receiving body. The 

method utilizes an energy efficient way to dispose of waste and create out of that a high value 

product therefore playing an important role in the future of a circular economy where waste is 

utilized to create energy (Liebetrau et al., 2019; Muthudineshkumar & Anand, 2019; Sevillano 

et al., 2021). 

1.4 The anaerobic digestion pathway  
The AD treatment is a complex pathway from mineralization of organic matter to biogas 

(Nordberg, 1996). Organic matter can be generally divided into four major categories, namely 

proteins, fats and lipids, carbohydrates and nucleic acid, the latter of which are typically a small 
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component in biomass. The process in breaking them down is a combined effort of multiple 

microbes and is done in four stages: hydrolysis, acidogenesis, acetogenesis and 

methanogenesis, see Figure 6 for an overview of the anaerobic digestion pathway 

(Muthudineshkumar & Anand, 2019; White et al., 2012). 

 

 

Figure 6: A reaction scheme of the anaerobic digestion pathway with the four stages of the process. The first 
stage represented in red, hydrolysis, where organic matter (proteins, carbohydrates and lipids) are broken 
down into soluble monomers (amino acids, sugars, fatty acids, alcohols). The next stage, represented in blue, 
is acidogenesis where fermentation of the soluble monomers transforms them into short chain fatty acids. 
Acetogenesis, represented in green turns these fatty acids into acetate as well as transforming hydrogen and 
carbon dioxide formed in the previous stages, into acetate. The final stage, represented in purple is 
methanogenesis where acetate is hydrogen and carbon dioxide are transformed into methane and carbon 
dioxide.  (Modified from Tezel et al., 2011) 
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Hydrolysis 

The bacteria that play a dominant role in hydrolysis of these macromolecules are commonly 

firmicutes, such as clostridia and bacilli, Bacteroidetes, and Gammaproteobacteria (Sikora et al., 

2017). These bacteria excrete hydrolytic enzymes from their periplasmic membrane which 

break down the complex polymers such as proteins, fats, and carbohydrates, into soluble 

monomers (Muthudineshkumar & Anand, 2019; Örlygsson, 1994; Parawira, 2004). 

The ultimate fate of many biological polymers in anaerobic systems is ultimate CO2, 

hydrogen, and carboxylic acids. Proteins are natural polymers made up of amino acids, joined 

by peptide or amide bonds. Their degradation is a complex process performed by highly 

specialized proteolytic bacteria such as from the genera Clostridium, Peptostreptococcus, and 

Bifidobacterium. They get degraded into oligopeptides and amino acids which in turn are 

catabolized into carboxylic acids, ammonia, and CO2 using a sequence of hydrolysis reactions 

involving proteases flowed by deaminases, and decarboxylases leading into central metabolism 

(Achinas et al., 2020; Muthudineshkumar & Anand, 2019; Parawira, 2004). 

Similarly, the fats/lipids are hydrolysed into short- and long-chain fatty acids as well as 

glycerol using lipases and phospholipases and the carbohydrates/polysaccharides such as 

cellulose, starch, and pectin are hydrolysed into monosaccharides using cellulases, amylases 

and pectinases therefore making it easier for other anaerobic bacteria to access the energy 

potential of the material. The soluble monomers are then utilized by other bacteria present for 

the next stage, acidogenesis (Cai et al., 2016; Muthudineshkumar & Anand, 2019; Nordberg, 

1996; Parawira, 2004). 

Acidogenesis 

The acidogenesis stage is usually the fastest reaction in AD. Here, the solubilized monomers are 

used as substrates by a different group of fermentative acidogenic bacteria and metabolized 

into volatile fatty acids (VFA) such as acetic acid, propionic acid, butyric acid and valeric acid as 

well as producing alcohols, hydrogen, and carbon dioxide (CO2) (Muthudineshkumar & Anand, 

2019; Nordberg, 1996; Parawira, 2004). There are several metabolic pathways in this stage to 

produce these VFA (Zhou et al., 2018). 

In the case of the monosaccharides, the key step is pyruvate formation through either 

glycolysis or the Entner-Doudoroff pathway (Sikora et al., 2017, 2018). The end products 
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beyond the central node of pyruvate is dependent upon the metabolism of the fermentative 

organisms present. The pyruvate is further oxidized to acetyl-CoA, mainly done by Clostridium 

or Enterobacteriaceae species. In a clostridial fermentation, the pyruvate is oxidized to acetyl-

CoA with pyruvate ferredoxin oxidoreductase. With the help of multiple enzymes, the Acetyl-

CoA is then converted to short chain fatty acids (such as acetate, butyrate, lactate and 

propionate), alcohols (ethanol, butanol and propanol) as well as ketones such as acetone 

(Sikora et al., 2017). For the Enterobacteriaceae fermentation, the pyruvate is converted into 

both acetyl-CoA and formic acid by pyruvate formate-lyase. Similarly, to the Clostridium 

fermentation the acetyl-CoA gets converted with the help of multiple enzymes to short chain 

fatty acids (formate, acetate, lactate, and succinate), ethanol, acetoin and 2,3-butanediol 

(Sikora et al., 2017). 

The bacteria capable of fermenting the amino acid in the acidogenesis stage are 

Clostridiales, Fusobacterales, Synergistetes, and Cloacimonetes (Sikora et al., 2017). Anaerobic 

degradation of amino acids generally involves a redox reaction between one or more amino 

acid through the Stickland reaction. In the reaction, one amino acid is oxidized and the reducing 

equivalents that is produced in the reaction is transferred to another amino acid which then 

goes through a reduction. Different combinations of amino acids and microorganisms lead to 

different fermentation pathways, although the Stickland reaction is often restricted to 

members of the Clostridium genus (Barker, 1981; Örlygsson, 1994; Schink & Stams, 2013). The 

degradation starts with a NAD(P)-dependent deamination to the corresponding α-keto acid 

which is further converted with oxidative decarboxylation to acetate, propionate and butyrate 

with the formation of ammonia, hydrogen and carbon dioxide (Schink & Stams, 2013; Sikora et 

al., 2017). 

The lipids were hydrolysed into short and long chain fatty acids as well as glycerol. While 

the fatty acids undergo a far more complex degradation the glycerol is more easily degraded 

(Samarasiri, 2019). The glycerol is transformed either to 1,3-propanediol through a reductive 

pathway or to phosphoenolopyruvate through a four-step oxidative pathway. The 

phosphoenolopyruvate is further transformed to succinate, propionate or to pyruvate through 

a glycolytic fermentation, which give the end products of 2,3-butanediol, lactate, butyrate, 

ethanol, formate, acetate, hydrogen, and carbon dioxide (Sikora et al., 2017; Viana et al., 2012). 

The fatty acids can have an inhibitory effect on anaerobic digestion as they tend to adhere to 
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the wall of the microbes which prevents nutritional passage through the membrane as well as 

causing the organisms to float and therefore not participate in the reaction. Therefore, a high 

lipid ratio biomass could result in a rate-limiting acidogenesis step (Viana et al., 2012). However, 

there are many bacteria that can grow on long-chain fatty acids (LCFA), namely, pseudomonads, 

various bacilli, and faecal coliforms such as E. coli. The LCFA are oxidized to acetyl-CoA through 

the β-oxidation pathway to acetate and hydrogen (Sikora et al., 2017; White et al., 2012). 

The LCFA are transferred into the cell membrane of the microbe through the 

transport/acyl-activation mechanism. This process transforms the LCFA with the help of acyl-

CoA synthetase into fatty acyl-CoA which is further transformed to acetyl-CoA with four 

enzymatic reactions through the beta-oxidation pathway (Kunau et al., 1995; Usman et al., 

2022). 

Acetogenesis 

 The two final steps in AD, acetogenesis and methanogenesis are tightly connected. 

From the pool of alcohols and acids that are produced throughout the anaerobic process, the 

methane forming organisms are only capable of utilizing a handful of them both directly and 

indirectly. The acetogenic bacteria therefore grow in a symbiotic relationship with the 

methanogens where they produce substrates in the form of acetate that the latter utilizes to 

produce methane (Gerardi, 2003a, 2003b; Sikora et al., 2017). The acetogenic organisms 

capable of producing acetate are generally slow growing and part of the Acetobacterium, 

Clostridium, and Sporomusa and can go several different pathways to produce acetate (Gerardi, 

2003c).  They utilize the products of the acidogenesis stage that have more than two carbon 

molecules (excluding acetic acid) and further transform them into acetic acid, carbon dioxide 

and hydrogen, while utilizing formate and hydrogen as electron transfers (Muthudineshkumar 

& Anand, 2019; Parawira, 2004). 

The Wood-Ljungdahl pathway, also known as the acetyl-CoA pathway, is perhaps one 

of the most important pathways of the acetogenesis stage and characteristics of the acetogens 

see Figure 7) (Singh et al., 2019). The pathway is the only carbon fixing pathway that does not 

need additional ATP to operate and in principle works by synthesising acetate from two moles 

of CO2 using H2 (Hattori, 2008; Katsyv & Müller, 2020). One mole of CO2 is reduced to to CO and 

then acetyl-CoA by the bifunctional enzyme carbon monoxide dehydrogenase/acetyl-CoA 

synthase. The other molecule of CO2 is reduced to formate with formate dehydrogenase which 
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is further bound to tetrahydrofolate (THF) in the presence of ATP forming formyl-THF with 

formyl-THF synthetase. Through dehydration it is further transformed to methenyl-THF with 

methenyl-THF cyclohydrorase, continuing to methylene-THF with methylene-THF 

dehydrogenase and to methyl-THF with methylene-THF reductase. The methyl group is then 

transferred to corrinoid/iron-sulfur protein with methyltransferase. The bi-functional enzyme 

carbon monoxide dehydrogenase/acetyl-CoA synthase condenses the methyl group, CoA and 

the CO mentioned earlier to form Acetyl-CoA which finally converts it to acetate via acetyl-

phosphate with phosphotransacetylase and acetate kinase (Hattori, 2008; Katsyv & Müller, 

2020). 

In symbiose with methanogens bacteria such as Syntrophus aciditrophicus, syntrophus 

wolfei, syntrophobacter fumaroxidans, Pelotomaculum thermopropionicum, and 

Syntrophothermus lipocalidus utilize butyrate and propionate and transform them to acetate 

(Worm et al., 2014). Butyrate is most commonly oxidised via the beta-oxidation pathway (see 

Figure 7), where HS-CoA esters utilize ATP to produce Butyryl-CoA which is further transferred 

to crotonyl-CoA by Butyryl-CoA dehydrogenase with electrons released as hydrogen. Crotonase 

transforms crotonyl-CoA to hydroxybutyryl-CoA which further gets transformed to acetoacetyl-

CoA by hydroxybutyryl-CoA dehydrogenase, a reaction that releases electrons as hydrogen. The 

acetoacetyl-CoA gets split into two acetyl-CoA by acetyl-CoA acetyltransferase which in the end 

gets transformed to acetate (Sikora et al., 2017; Stams & Plugge, 2009; Worm et al., 2014). 

The propionate is transformed into acetate using the methylmalonyl-CoA pathway (see 

Figure 7), where the propionate, similarly to the butyrate, is activated using HS-CoA, producing 

propionyl-CoA with propionate-CoA transferase. It is further transformed to (S) methylmalonyl-

CoA, (M) methylmalonyl-CoA, succinyl-CoA and succinate using, respectively, methylmalonyl-

CoA decarboxylase, methylmalonyl-CoA epimerase, methylmalonyl-CoA mutase and succinyl-

CoA synthetase. The formation of succinate from succinyl-CoA generates ATP. Succinate is 

converted to fumarate by fumarate reductase, a reaction that releases electrons in the form of 

hydrogen. Fumarate is converted to malate by fumarate hydratase and malate to oxaloacetate 

by malate dehydrogenase with electron transport. Finally, Oxaloacetate is transformed to 

pyruvate by pyruvate carboxylase, acetyl-CoA formed from pyruvate via pyruvate ferredoxin 

oxidoreductase to acetate (Sikora et al., 2017; Stams & Plugge, 2009; Worm et al., 2014). The 
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pathways involved in the conversion of both propionate and butyrate are dominantly 

performed by Syntrophobacter and Synthrophomonas, respectively (Stams & Plugge, 2009). 

Additionally, products such as lactate and ethanol are transformed to acetate. Ethanol 

is oxidized to acetaldehyde and subsequently to acetate, most commonly by Pelobacter 

carbinolicus with ferredoxin NAD+ oxidoreductases and hydrogenases. The syntrophic lactate 

reaction is most often done by Desulfovibrio spp where lactate is converted via pyruvate to 

acetyl-CoA with lactate dehydrogenase followed by pyruvate ferredoxin oxidoreductase. The 

acetyl-CoA is further processed to acetate by phosphate acetyltransferase and acetate kinase, 

or with alcohol dehydrogenase to ethanol (Sikora et al., 2017).  

 

 

Figure 7: Starting from left, the beta oxidation pathway where butyrate is transformed to two molecules of 
acetate in six steps. Propionate is transformed to acetate via the methylmalonyl-CoA pathway in eleven 
steps. On the right is the Wood-Ljungdahl pathway, the most common pathway in acetogenesis where two 
molecules of CO2 and H2 are transformed to acetate in ten steps (Modified from Hattori, 2008; Worm et al., 
2014).  
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Methanogenesis  

The end stage for AD is the methanogenesis where the acetic acid, hydrogen and carbon 

dioxide is utilized by methanogens to create methane (CH4), carbon dioxide and water 

(Muthudineshkumar & Anand, 2019). All discovered methane forming bacteria, or 

methanogens, are part of the Archaebacteria domain which are some of the oldest bacteria 

(Gerardi, 2003d; Gottschalk, 1986). Methanogens are extremely oxygen sensitive bacteria that 

can, for example be found in abundance in mud, sediments as well as in rumen. Their substrates 

range is limited therefore it lives in symbiosis with other bacteria, as has been mentioned in the 

previous chapters (Gottschalk, 1986). Three groups of substrates have been recognized to be 

utilized by methanogens, the first group being acetate. The second, carbon dioxide and H2 or 

formate and rarely ethanol or secondary alcohols. The third group being methylated 

compounds such as methanol, methylated amines and methylated sulphides. These three 

substrate groups go through one of three recognized pathways of methanogenesis, 

aceticlastic/acetotrophic, hydrogenotrophic or methylotrophic (Sikora et al., 2017). Regardless 

of the pathway and substrate, the final step utilizes the Coenzyme-M, which is unique to the 

methanogens (Gerardi, 2003d; Sikora et al., 2017). See Figure 8 for pathway higlights as well as 

common final steps, shown in red. 

Most methanogens are hydrogenotrophic which utilize the hydrogenotrophic pathway. 

The pathway produces methane using hydrogen as an electron donor to reduce carbon dioxide 

in a seven-step process (Niu et al., 2018). Moreover, formate can also go through the 

hydrogenotrophic pathway, in that case, four molecules of formate are oxidized to CO2 by 

formate hydrogenase (Liu & Whitman, 2008). The initial step with CO2 is when the molecule 

binds to the coenzyme methanofuran (MFR) and is reduced to a formyl group. The formyl group 

is further transformed to H4MPT to form formyl-H4MPT and with coenzyme F420 the formyl 

group is dehydrated to methylene-H4MPT and then further to methyl-H4MPT. The methyl 

group is transferred to Coenzyme M (CoM) with methyl-H4MPT:HS-CoM methyltransferase 

which forms methyl-CoM (Niu et al., 2018; Qiao et al., 2014). The final steps are the same for 

all methane productions, irrespective of the substrate, where methyl-CoM is reduced to 

methane a reaction catalysed by methyl-CoM reductase (MCR), a key enzyme in 

methanogensis, with the help of Coenzyme B and Coenzyme F430. Coenzyme B is used as the 

direct electron donor and its oxidized version forms a heterodisulfide with CoM forming CoM-
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S-S-CoB which is then reduced to regenerate thiols. The methyl transfer reaction is catalysed 

by methyl-H4MPT:HS-CoM methyltransferase and forms methane (Liu & Whitman, 2008; Qiao 

et al., 2014; Sikora et al., 2017). 

 Acetoclastic methanogenesis is at present known to be only performed by two 

methanogenic genera, Methanosaeta and Methanosarcina. (Kurade et al., 2019). The process 

accounts for 75-80% of total methane emitted and involves splitting acetate into methane and 

carbon dioxide (Getabalew et al., 2020). Acetate is transformed to acetyl-CoA by acetate kinase 

and phosphotransacetylase in the case of Methanosarcina or with acetyl-CoA synthetase in the 

case of Methanosaeta. The acetyl-CoA is further transformed by cleaving the enzyme bound 

methyl and carbonyl groups, separating them with CO dehydrogenase/acetyl-CoA synthase 

complex. The carbonyl group is oxidized to CO2. The CO dehydrogenase/acetyl-CoA synthase 

Figure 8: The three pathways of methanogenesis. Pathway marked A shows the hydrogenotrophic pathway 
starting from either formate or CO2/H2. The B marked pathway shows the methylotrophic pathway where 
methanol is used as a substrate, both how the methyl group is transferred to CoM and how additional methyl 
groups are oxidized to make the former reaction possible. Pathway C shows the pathway acetate goes 
through. Marked in red are the final steps that are common for all three pathways where methyl-CoM and 
Coenzyme B produce CoM-S-S-CoB and methane. Enzymes shown on figure: 1. Formyl-MFR dehydrogenase 
(Fmd); 2. Formyl-MFR:H4MPT formyl transferase (Ftr); 3. Methenyl-H4MPT cyclohydrolase (Mch); 4. 
Methylene-H4MPT dehydrogenase (Hmd); 5. Methylene-H4MPT reductase (Mer); 6. Methyl-H4MPT:HS-CoM 
methyltranserase (Mtr); 7. Methyl-CoM reductase (Mcr); 8. Heterodisulfide reductase (Hdr); 9. Formate 
dehydrogenase (Fdh); 10. Energyconserving AMP-formin acetyl-CoA synthetase in Methanosaeta; 14. CO 
dehydrogenase/acetyl-CoA synthase (CODH/ACS). Figure from Niu, et al., 2018. 
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complex transfers the methyl group to tetrahydromethanopterin (H4MPT) making methyl-

H4MPT. This is then catalysed to methyl-S-CoM via methyl-H4MPT:HS-CoM methyltransferase 

and finally to methane in the same steps previously described for methane formation from CO2 

and H2 (Qiao et al., 2014). 

 The last pathway described here is the methylotrophic pathway. Methylotrophic 

methanogens, all of the order Methanosarcinales with the exception of Methanobacteriales, 

participate in the pathway where C1 compounds containing methanol, methylated amines 

(such as monomethylamine, dimethylamine, trimethylamine and tetramethylammonium), and 

methylated sulfides (methanethiol and dimethylsulfide) are transformed to methane (Niu et 

al., 2018).  The transformation starts by dividing the methylated compounds into two parts, the 

methyl group, and other residues. Activation of the methyl group is done with a substrate 

specific methyltransferase where the methyl group is transferred to a cognate corrinoid protein 

and then to CoM which then subsequently follows the same final steps as before, leading to 

methane (Liu & Whitman, 2008; Niu et al., 2018; Sikora et al., 2017). The reaction is made 

possible as the electrons required for the reaction are obtained by oxidizing additional methyl 

groups to CO2 which go the aforementioned hydrogenotrophic pathway to methane (Liu & 

Whitman, 2008). 

However, methane is not always the desired end product but rather its precursors, the 

volatile fatty acids (VFA) which have a much wider application range in the chemical industry. 

To achieve that, chemical inhibitors to inhibit methanogenesis are used (Liu et al., 2011). 



 

 19 

 

Figure 9:  In contrast to Figure 6, a simplified reaction scheme of anaerobic digestion pathway this figure 
gives a more detailed overview of the process. Hydrolysis (represented in brown, breaks down protein to 
amino acids, fats to fatty acids and glycerol and further to pyruvate and carbohydrates to glucose as well 
as further to pyruvate. Through Acidogenesis (represented in blue) these products get transformed to 
acetyl-CoA and are then further transformed with different pathways to fatty acids, important 
intermediates that are marked on the figure. A) formate, b) Acetate, c) butyrate, e) lactate, f) ethanol, g) 
propionate. Intermediates d) acetate being the main product of acetogenesis (represented in orange), 
where these fatty acids get transformed to acetate as a preperation for methanogenesis (represented in 
green). The final major intermediate, or the final product of anaerobic digestion is marked with h) 
methane (Modified from Cai et al., 2016). 



 

 20 

1.5  Chemical inhibitors of methanogenesis 
The precursors of the methanogenesis stage hold great value yet they are degraded by the 

methanogens in AD. It is therefore ideal to inhibit their degradation by inhibiting methanogens 

and have chemical inhibitors long been proven an effective way to do so (Liu et al., 2011). 

Chemical inhibitors for methanogenesis inhibition can be divided into specific and nonspecific 

inhibitors. The specific inhibitors function by inhibiting specific enzymes that are only present 

in methanogens while nonspecific inhibitors affect both methanogens and non-methanogens 

(Liu et al., 2011). Specific inhibitors take advantage of the cofactors unique to the 

methanogens, such as Coenzyme M, while non-specific inhibitors influence more than just the 

methanogens. 

 As has been mentioned in the previous chapter on methanogenesis, Coenzyme M plays 

a key role in methane formation where it carries the methyl group to be reduced to methane 

by methyl-CoM reductase. This step is a vital step in the methane production as well as a being 

the same in all methanogenesis pathways, regardless of the substrate. The specific chemical 

inhibitors target and inhibit this step. This group includes 2-bromoethanesulfonate (BES), 2-

chloroethanesulfonate (CES), 2-mercaptoethanesulfonate (MES) and lumazine, see Figure 10 

for chemical structure of CoM and its structural analogs (Liu et al., 2011). Most commonly used 

as an inhibitor is BES which binds to methyl-CoM reductase with its bromine group, competing 

with the CoM and its thiol group, inhibiting the step and lowering methane production (Boyd 

et al., 2006;  Liu et al., 2011; Patra et al., 2017).   

 

 
 

Figure 10: The chemical structure of Coenzyme M, a unique cofactor to methanogens, alongside the 
chemical structure of its chemical structure analogs 2-bromoethanesulfonate (BES), 2-
metcaptoethanesulfonate (MES), 2-chloroethanesulfonate (CES) and lumazine. Figure assembled by Liu et 
al., 2011.  

 
Numerous studies have been done regarding the different concentration of BES and its 

effectiveness on methane inhibition, which varies from the application systems (Liu et al., 
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2011). Hickey et al. (1987) showed that in an AD system, a dosage of 5 mM or greater exhibited 

near to complete inhibition. Their research observed that acetate accumulation appeared to 

be directly related to the level of methanogenesis inhibition while butyrate or other higher 

molecular weight VFAs were restricted to levels below 20mM. In case of a thermophilic AD, 

Zinder et al. (1984), showed that the optimum concentration for complete methane inhibition 

was 50 mM BES. Additionally, evidence suggests that BES not only affects methanogens but 

also bacterial populations, such as the acetogenic syntrophic bacteria Syntrophomonas and 

Syntropobacter as well as indirectly affecting the syntrophic interaction that is between the 

hydrogen-producing fatty acid degraders and some reducing acetogenic bacteria (Liu et al., 

2011).  

 

1.6 Purpose 
 

The purpose of this work is to evaluate different biomass and inoculum combinations for 

anaerobic digestion that produce high concentrations of C3 and larger carboxylic acids. It is 

hypothesized that the use of protein-rich biomass and the addition of methanogen inhibitors 

will increase the quantity of longer-chain carboxylic acids such as butyrate 3-methyl-butyrate. 
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2 Materials and methods  

2.1 Screening of different combinations of substrates 
and inoculums 

 

In the first phase of this project, six different plant biomass substrates were tested with three 

different inoculums. The plant biomass substrates all belong to the UnAk Kanban collection and 

had been collected in Eyjafjörður, dried and pulverized using a blender. Six plant biomasses 

were chosen from the Kanban collection that were considered to be in an abundance in Iceland. 

Spent hops, Rhubarb leaves, Lupine meal, L. hyperborea, Ulva intestinalis and industrial Hemp 

(Cannabis sativa). The inoculum was in the form of cow-, porcine- and horse faeces and was 

locally sourced from farmers in Eyjafjörður. 

In a 33.5 mL culture tube a solution with a final volume 

of 10 mL was prepared, of which 65% would consist of BM 

media, 10% of w/v plant biomass substrate, 5% of 1 M 2-

Bromoethansulfonic acid (BES), 5% of a vitamin, trace element 

and salt solution, 5% v/v 1M glucose and 20% v/v of faeces 

inoculum. 

Basal Mineral media (BM media) was prepared and 

consisted of (per litre): 5 mL Resazurin, 50 mL 1M PO4 buffer 

for pH 7.0 (3.04 g NaH2PO · 2H2O, 5.43 g Na2HPO4 · 2H2O) and 

2,0 g yeast extract.  65% of BM media, 10% w/v of plant 

biomass substrate were measured into the culture tube and 

closed with Sigma-Aldrich size 6 laboratory stoppers. The 

laboratory stoppers were penetrated with a Braun Sterican® 

0,70mm x 0,50mm needles to create anaerobic conditions in the tube while allowing gas to 

escape (see Figure 11). The culture tubes with the BM media and plant biomass substrates were 

autoclaved before additional steps. 

 Figure 11: The 33,5 mL culture 
tubes with the Sigma-Aldrich 
laboratory stoppers penetrated 
with the needle to create 
anaerobic conditions. 
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A sterile solution of 1 mL vitamin solution (per litre: 2.0 mg Biotin, 2.0 mg Folic acid, 

10.0 mg Pyridoxine-HCl, 5.0 mg Thiamine-HCl • 2H2O, 5 mg Nicotinic acid, 5.0 mg D-Ca-

Pantothenate, 0.1 mg Cobalamin, 5.0 mg p-Aminobenzoic acid, 5.0 mg Lipoic acid), 1 mL trace 

element solution (per litre: 2.0 g FeCl2 • 42H2O, 0.5 g Na2EDTA • 2H2O, 0.03 g CuCl2, 0.05 H3BO3, 

0.05 g ZnCl2, 0.05 g MnCl2 • 4H2O, 0.05 g (NH4)6Mo7O24 • 4H2O, 0.05 g AlCl3, 0.05 g CoCl3 • 

6H2O, 0.03 g Na2SoO3, 0.03 g Na2WO4 • 2H2O) and 12.5 mL of a salt solution (per litre: 24.0 g 

NaCl, 24.0 g NH4Cl, 8.8 g CaCl2 • 2H2O, 8.0 g MgCl2 • 6H2O) was prepared. 5 % of the vitamin, 

trace element and salt solution, 5% of 1M autoclaved glucose solution and 5% of BES were 

added to all culture tubes aseptically. Each culture condition was performed in minimum 

triplicates. Additionally, a comparative analysis was performed where culture conditions were 

tested without glucose, without 2-bromoethanesulfonic acid (BES) and lastly without both 

glucose and BES. Culture was left untouched, to digest for 4 months at ambient temperature 

and then a 1,5mL sample was taken from each culture and placed in an Eppendorf tube for 

analysis. Cultivations were performed in triplicate. 

 

2.2 Large-scale Kinetic experiments 
 

The second phase of the experiment was conducted at a larger scale, or 

1L (in 2L glass bottles) with, additional data being collected for kinetic 

analysis. Three different plant biomasses from the UnAk biomass 

collection were used, Hemp, Lupine meal, and L. hyperborea. All samples 

were performed in duplicates and done in both anaerobic and aerobic 

conditions for a comparative analysis. Same methods as described in 

previous chapter were used. More specifically, all 1L cultures consisted 

of 65% BM media, 10% w/v plant biomass substrate, 5% 1M 2-

Bromoethansulfonic acid (BES), 5% of a vitamin, trace element and salt 

solution, 5% v/v 1M glucose and 20% v/v of faeces inoculum. See 

previous chapter for further method of composition.  The glass bottles 

were closed with an appropriate rubber stopper with an airlock as well as 

a sampling port, see Error! Reference source not found..  

Figure 12: Larger scale 
culture, with kinetic 
experiments. The 
figure shows the set 
up of the culture with 
the airlock, as well as a 
sampling port 
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1,5 mL sample for day one was taken on the 24 ± 1 hour mark from culture start and 

placed in an Eppendorf tube. Samples were continuously taken every day until day 6 when they 

were taken every three days for an additional 15 days.  

 

2.3 Analysis of volatile end products 
 

Volatile end products such as carboxylic acids and alcohols were analysed by GC-FID. All 

samples taken, from screening phase and kinetic phase, were centrifuged at 13.000 rpm for 10 

minutes. 200 L of centrifuged supernatant was pipetted into a 2 mL crimp top vials. 

Additionally, 200 L of 25% (v/v) formic acid, 100 L of 0,1% (w/v) crotonic acid and 600 L of 

Type I laboratory water were added to the crimp top vials and the samples analysed in a gas 

chromatograph as described by (Örlygsson & Baldursson, 2007). 
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3 Results 
Results for the screening phase are represented in Error! Reference source not found.. Results 

were gathered by analysing one replicate of three in the GC-FID to detect VFA. The digestate 

from four biomass substrates was analysed: Lupine, L. hyperborea, hemp, and Ulva intestinalis, 

in combination with three different inoculums, cow, porcine, and horse faeces. Table 2 shows 

results for the four culture conditions done in the screening phase, the control culture that had 

neither glucose nor BES, the BES culture that had no glucose, the glucose culture that had no 

BES and finally the culture with both BES and glucose. The measurements are given in five 

concentration levels split into detection of acetate and VFA with more than 2 carbons. No 

significant detection of VFA is represented with -, + representing 1-5 mM VFA, ++ representing 

6-10 mM, +++ representing 11-15 mM, and ++++ representing a concentration of 15 mM or 

higher. 

 

Acetate was the dominant carboxylic acid formed in all cases which generally increased with 

the addition of glucose and BES with the horse faeces generally yielding the highest overall 

production of carboxylic acids in all cases. Generally, the highest concentrations of C3 and 

greater carboxylic acids were obtained in lupine, L. hyperborea, and Ulva intestinalis. The 

formation of these carboxylic acids was stimulated by the addition of BES. The only case where 

more than 10 mM of >C2 VFA was detected was in the culture where Ulva intestinalis and horse 

faeces were combined with both glucose and BES.



 

 28 

Table 1: Formation of VFA from screening phase at ambient temperature. Substrates Lupine, L. hyperborea, hemp, and Ulva intestinalis with inoculum 
combinations from cow, porcine and horse faeces tested in four different culture combinations. Control culture which had neither BES nor glucose. BES culture 
which contained BES but not glucose. Glucose culture which contained both Glucose and BES.  

  Control  BES  Glucose  Glucose + BES 

Substrate Inoculum Acetate >C2 VFAs  Acetate >C2 VFAs  Acetate >C2 VFAs  Acetate >C2 VFAs 

Lupine Cow ++ -  ++ +  ++ +  ++ + 

 Porcine ++ -  ++ +  ++ +  + + 

 Horse ++ -  +++ +  +++ +  +++ ++ 

L. hyperborea Cow +++ +  ++ +  ++ ++  +++ ++ 

 Porcine ++ +  +++ ++  +++ +  +++ ++ 

 Horse +++ +  ++++ +  +++ ++  +++ + 

Hemp Cow ++ -  ++ -  ++++ -  ++++ - 

 Porcine + -  ++ -  ++ -  +++ + 

 Horse ++ -  +++ -  +++ -  ++++ - 

Ulva intestinalis Cow + +  ++ +  +++ +  ++++ ++ 

 Porcine ++ +  +++ ++  +++ +  ++++ ++ 

 Horse ++ +  +++ ++  ++++ +  ++++ +++ 

Results are given in five different concentrations: none (-), 1-5mM (+), 6-10mM (++), 11-15mM (+++), and >15mM (++++). 
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4 Discussions 
Unforeseeable technical issues with the GC made the complete analysis of samples from both 

experiments unattainable. Therefore, the data available in Table 1 is the only data presented in 

this thesis at present based upon the GC analysis of one replicate out of three for the 

experiment investigating different combinations of glucose and BES, biomass, and inoculum 

source. Out of the six plant biomasses that were to be analysed in the screening phase of this 

experiment, data from only four of them is presented semi-quantitatively, excluding spent hops 

and rhubarb leaves. Additionally, only one replicant of three was analysed therefore, the 

reliability of the data minimal but does give an idea to what the results could be. 

As was covered in the chapter on anaerobic digestion, before the production of methane, 

the roads of fermentation predominantly lead to acetate. Even though more analytical data is 

needed the data seen in Table 1 points towards this, where most of the anaerobic digestate is 

acetate. Additionally, looking at the trends in Table 1 in acetate production in different culture 

conditions, gives us an idea of what is going on in the fermentation process. In the control 

culture the concentration of acetate varies from 1-15 mM with the most common 

concentration being in the 6-10 mM group, the lowest out of all other cultures. No C3+ VFAs 

were detected for lupine and hemp with only minimal amounts being detected for Ulva 

intestinalis and L. hyperborea, or 1-5 mM. With both the low concentration of acetate, as well 

as with limited to no C3+ VFAs detected, it can be assumed that a successful methanogenesis 

is being performed by methanogens. In comparison to the culture where the methane inhibitor 

BES is added, the volume of acetate increases significantly with the minimum amount detected 

being 6 mM all the way up to >15 mM. This shows that BES is to some extent successfully 

inhibiting methanogens in producing methane from acetate, therefore acetate builds up in the 

culture as was suggesting by Hickey et al. (1987) where acetate accumulation appears to be 

related to methanogenesis inhibition. Additionally, a slight increase in the production of C3+ 

VFAs is detected. In the case of Ulva intestinalis an increase is detected with porcine and horse 

faeces to 6-10 mM as well as with porcine faeces with L. hyperborean. Minimal amount can be 
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detected of C3+ VFAs in the lupine culture yet still no activity for hemp. This can suggest that 

BES is not only inhibiting methanogens but also the symbiotic acetogens that convert C3+ VFAs 

to acetate. When glucose is present in both the control culture and the culture with added BES, 

we are seeing noticeably higher concentrations than without it. This perhaps does not come as 

a surprise as glucose is the microbes preferred energy source and helps their metabolism, 

therefore an increased activity in the presence of glucose was to be expected.  

When looked at the inoculum as a factor in producing VFAs, the horse faeces preformed 

the best, both in the production of acetate but also in producing C3+ VFAs. Porcine faces 

outperformed cow faeces in the production of C3+ VFAs with the latter inoculum doing better 

out of the two in the production of acetate. However, these results will not be discussed in 

further details as the difference was not significant enough with the data available but will be 

interesting to analyse further with additional data.  

As was previously mentioned, both Ulva intestinalis and L. hyperborea cultures produced 

C3+ VFAs in all culture conditions, with the concentration increasing in the presence of BES and 

glucose. Through hydrolysis of the biomass, and here in the case of the proteins, they are able 

to produce amino acids such as valine, leucine and isoleucine, which are essential substrates 

for the formation of branched fatty acids (Duong et al., 2019). Therefore, protein rich 

biomasses have better substrate ranges to create C3+ VFAs as is the case in this study and 

presents an opportunity to be studied further.  

The kinetic study would have given a better idea of what is going on in the culture, step by 

step. It could answer questions such as if C3+ VFA are being produced and later turned into 

acetate by acetogenic microbes, therefore the symbiotic microbes not being affected by the 

inhibition of methanogens with BES as was suggested by Sikora et al. (2017). As well as if the 

acetate is being transformed into methane, therefore the concentration of BES not successfully 

inhibiting the methanogens. It must be mentioned here that the culture that gave the results 

from Table 1 was fermented for 4 months, therefore the data from the kinetic experiment 

would have given a clearer picture of the production of VFAs and at which time extraction 

would be the most desirable. Furthermore, in long fermentations, the build-up of acetate and 

other acids in the culture could have inhibitory effects on the microbial population present, 

adding to the importance of the data the kinetic experiment will give. Additional analysis of 
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methane produced could assist in determining the fate of the VFAs and the effectiveness of the 

BES. 

Out of the four biomasses tested, hemp showed the least probability to produce C3 or 

higher VFAs regardless of the inoculum yet gets converted to acetate at a high rate. Moreover, 

the results for lupine were similar to the ones of hemp with slightly more promise in the 

presence of glucose and BES.  While L. hyperborea and Ulva intestinalis has the best outcome 

in terms of producing C3+ VFA, with the highest concentration in combination with horse 

faeces, it also gets converted to acetate at a high rate in the presence of glucose and BES for 

the latter biomass.  

In future work the effect of temperature needs to be studied. In the present study all 

cultures were fermented at room temperature and therefore seeing the same culture 

conditions in different temperatures will give an even clearer idea on the production of VFAs 

and the effect on methane production. Methanogens are thermophilic organisms and 

therefore their growth and the production of methane could be stunted due to the 

temperature of the current study.  Therefore, it could have resulted in higher production rates 

of VFAs for that reasoning, something that needs to be confirmed with future work on 

temperature conditions of anaerobic digestion. It would also be favourable to set up an 

anaerobic digestion system at room temperature (or colder) as it is much more energetically 

favourable.       

This study was intended to be a screening of favourable biomass substrates to inoculum 

combinations for the production of C3+ VFAs. Besides the additional studies on conditions that 

have been mentioned throughout the section future work would consist of doing the study at 

a larger scale as the end goal of the study could be to integrate an industrial size production of 

VFAs in Iceland. As was mentioned in the introduction, bio-VFAs are in high demand because 

of their multitude of applications and producing them via fermentation from waste and 

biomass is a more sustainable way than with fossil fuels. There are however many steps before 

that goal can be reached but with more research, additional questions will be answered 

bringing us closer to that goal. 
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5 Conclusions 
 
Anaerobic digestion is a classical method for the conversion of biomass to biogas but also a 

promising route for the production of carboxylic acids. The purpose of this work was to find 

biomass and inoculum in Iceland that could be used in anaerobic digestion to create C3 or 

higher carboxylic acids (VFA). Therefore, using material that is considered waste in order to 

produce sustainable chemical building blocks instead of that made from fossil fuel. 

 The results of this work show that the use of Icelandic biomass and inoculum are promising in 

the production of C3 or larger carboxylic acids, specifically high protein biomass such as Ulva 

intestinalis and L. hyperborea. Moreover, the production of these larger fatty acids increase in 

culture where the methane inhibitor BES is present as well as when glucose is available to the 

microbes for energy production.   

Although much of the analysis is still left to be done, the data presented in this thesis shows 

that this can be done.  The next step will be to finish the analysis of all samples to support the 

claim that this not only can be done, but should be done.  
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