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Opinnäytetyön tarkoituksena on tutkia adipiinihappotuotantoa kahden eri tekniikan näkö-

kulmasta. Lisäksi tehtiin tutkimusta ympäristön kestävyyden arvioimiseksi biotalouden nä-

kökulmasta. Diplomityön päätavoitteena oli verrata fossiilipohjaista adipiinihappotuotantoa 

ja biopohjaista adipiinihapon tuotantoa keskenään. Tehtiin prosessien vuokaaviot, jotka sel-

ventävät prosessien reittien kulkua. Opinnäytetyössä tutkittiin myös adipiinihapon saatavilla 

olevia kemiallisia reittejä eri menetelmistä. Adipiinihapolle on kehitetty erittäin lupaava ja 

merkittävä reitti, jota voitaisiin hyödyntää teollisessa tuotannossa, adipiinihapon valmistuk-

sessa lignoselluloosabiomassasta, konsolidoidussa bioprosessoinnissa (CBP). Tämä on yksi 

lupaava kemiallinen reitti muun muassa. Metsäjäämien käyttö on myös nostanut päätä mer-

kittävästi, tähän työhön sisältyi myös laaja tutkimus siitä, kuinka paljon metsänhakkuuta 

Euroopassa ja koko maailmassa voidaan hyödyntää. 
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ABSTRACT 
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Nina Heiniö 

Comparison of two different techniques for adipic acid ((CH2)4(COOH4)2) and sustainabil-

ity assessment of bioeconomy 

Master’s Thesis 

2020 

65 pages, 30 figures, 4 tables, 0 appendices 

Examiners: Professor Satu-Pia Reinikainen 

                   Associate Professor, D.Sc. Eeva Jernström 

The purpose of the thesis was to study the production of adipic acid production from the 

perspective of two different technologies. In addition, research was conducted to assess en-

vironmental sustainability from a bioeconomy perspective. The main goal of the thesis was 

to compare traditional fossil-based production and bio-based adipic acid production among 

themselves. Processes flow diagrams were made that clarify the flow of the processes in the 

routes. This thesis also investigates adipic acid chemical routes within different methods. A 

very promising and significant route has been developed for adipic acid that can be used in 

industrial production using lignocellulosic biomass, a process called consolidated bioprocess 

(CBP). This is one promising chemical route, among others. The use of forest residues also 

has raised its head significantly, this work also included extensive research on how much 

forest felling is done in Europe and around the world that could be made use of. 

Keywords: Adipic acid, forest residues, lignocellulosic, lignin, bioeconomy 
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1 INTRODUCTION 

 

Nylon 6.6 is prepared using adipic acid ((CH2) 4 (COOH) 2), it is considered an important 

chemical for industry. Adipic acid is produced as a monomer in the manufacturing of nylon 

and another polymer. The process takes place mainly by the oxidation of nitric acid-cata-

lyzed KA oil (cyclohexanol (C6H12O) and cyclohexanone (C6H10O). The 2.85 million tonnes 

of adipic acid are produced from petrochemical sources. Adipic acid is needed in the manu-

facturing processes of synthetic lubricants and plasticizers. The share of adipic acid in the 

world is estimated at $ 6.3 billion per year, converted into euros at 5.7. The Nylon-6,6, dis-

covered in the late 1930s, is significantly associated with adipic acid production because it 

has been found to be an important intermediate reagent (Duuren et al., 2011). 

 

Figure 1. Adipic acid structure 3D view (National Center for Biotechnology Information, 

2020).  

Adipic acid production has many industrial processes and all are fossil based. One of the 

most widely used methods is the nitric acid oxidation of cyclohexanol (C6H12O) and cyclo-

hexanone (C6H10O), called petroleum ketone alcohol (KA). This production of adipic acid 

causes the formation of nitric oxide (N2O), a major greenhouse gas (GHG). Fossil-based 
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production causes significant emissions to the climate. The N2O effect of nitrous oxide on 

the climate is almost three hundred times stronger than that of carbon dioxide (Myhre et al., 

2013). 

Nitrous oxide accounts for nearly nine percent of global greenhouse gas emissions. Industrial 

manufacturing currently accounts for about 80% of all industrial N2O emissions. In addition, 

80% of adipic acid production is required for this polymer. Production increased almost 

ninefold years 2000 and 2010 (Aryapratama et al., 2017). 

A Swedish study of forest residues estimates utilizes bio-based production. The study was 

performed by acid catalysis and basic pretreatment. Alkaline pretreatment had a greater ef-

fect on the environment than acid treatment and must be able to reduce the amount of sodium 

borohydride used in the pretreatment. The results of the study show potential environmental 

benefits, such as the use of biomass as a source of process energy or in the production of 

bioadipic acid or sodium borohydride. A study in a neighboring country has compared the 

potential environmental impact of the above technological developments with the improve-

ment of traditional adipic acid production. The results have shown that bio-based adipic acid 

production has a smaller effect on global warming compared to fossil-based production. 

When biomass is used for process energy to replace fossil fuels, the effects of bio-based 

production would reduce the climate impact. By enhancing the combustion of biomass, it 

reduces the environmental impact. Further studies are needed to use less NaBH4 (Ary-

apratama et al., 2017). 
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Figure 2. Forest chips harvesting methods of wood raw material harvesting (Alakangas VTT, 

2002). 

The production of bio-based adipic acid can mitigate greenhouse gas (GHG) emissions com-

pared to traditional fossil-based adipic acid production, with particular attention to the mag-

nitude of N2O emissions. Bio-based chemical pathways for the production of adipic acid are 

of interest to replace current environmentally harmful petrochemical technology. The global 

warming potential (GWP) is a very important factor that shows how important it would be 

to mitigate greenhouse gas emissions from traditional fossil-based production compared to 

bio-based adipic acid production (Aryapratama et al., 2017). The purpose of this work is to 

show how the production of fossil-based adipic acid could possibly be replaced by bio-based 

technologies. 
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1.1 Research goal and scope 

 

The primary goal was to form a concrete overall picture of adipic acid production, clarifying 

out the differences between the two technologies. The goal setting and grouping area of this 

work were important because of the schedule. The topic of the work was very interesting, 

and for that reason, the delimitation of the work was kept in mind. The aim was to make the 

work detailed and specific.  

The research area was the study of two different adipic acid technologies, fossil, and bio-

based production. The aim of the work was to study these two different technologies in great 

depth. The research area of the work and related topics was very interesting and for this 

reason the work was precisely delimited, as the aim was to make the work very detailed and 

precise. The objectives of the work for the person doing the work were high because the 

topic is significant. Sources were also limited to prevent the spread of work. The focus of 

the work was on the utilization of adipic acid resources from forest residues such as lignin 

and lignocellulose. 

Bulk chemicals increase industry, and fossil-based adipic acid production must be studied in 

return for bio-based adipic acid production, as conventional fossil-based adipic acid pro-

duction causes greenhouse gases (GHG) and is a significant detrimental effect on the cli-

mate. Therefore, the main objective of this research project was to investigate the possibili-

ties of bio-based adipic acid production in forest residues and forest felling. Process descrip-

tions were also the main goals of the work, as the goal was to describe to readers as accu-

rately as possible the two processes and process descriptions. These help to understand the 

differences between technologies, because not everyone is a chemical engineering profes-

sional. 
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The goal setting and grouping area for this work was important because of the schedule, as 

the completion of the work had been set at the end of December 2020. This Master’s Thesis 

does not deal with other products made in adipic acid technology. The focus was on adipic 

acid technology research. 

 

1.2 Research questions 

 

The research problem is always the starting point of the research. Research questions, in 

turn, are questions that specify the research problem. The research questions want to get to 

the crux of the problem. This study problem demonstrated the relevance of the study and 

made clear that there was a need to study adipic acid ((CH2)4(COOH4)2 technologies. The 

research questions were based on the topic of the Master Thesis. The research questions were 

also the basis for the content of the list when making the frame. The study questions below 

sought answers and they guided the conduct and progress of the research. 

1) What are the steps and critical points in the production of adipic acid ((CH2)4 

(COOH4)2), fossil and bio-based manufacturing? 

2) What are the differences between the two different technologies, whether there are 

gaps in the technology? 

3) What are the possible effects of adipic acid production on the environment? 

 

1.3 Research methods and implementation 

 

The selection of research methods was based on research questions and the material acquired 

to answer them supported the theoretical framework of the research. Qualitative and quanti-

tative methods were used as research methods, the rationale for the choice of methods was 

influenced by the fact that a view was obtained on both methods. Research methods were 

used to acquire and analyze data. Qualitative research sought answers to the questions of 
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why and how. Qualitative data was analyzed with a realistic analysis of what is found in the 

data. Quantitative research was used as an aid in the study to determine greenhouse gases, if 

traditional adipic acid production continues for a long time then it will have significant long-

term effects on global warming. Qualitative and quantitative research methods were used in 

both techniques. 

 

2 ADIPIC ACID 

 

Adipic acid consists of six straight-chain carbon atoms and has a functional group at each 

end. Adipic acid or also known as hexanedioic acid (C6H10O4) is a major commercial ali-

phatic dicarboxylic acid. It is colorless, odorless crystals and has a sour taste (Polen et al., 

2012). Adipic acid molecular formula is ((CH2)4 (COOH)2), also known as 1,4-butanedicar-

boxylic acid or hexane-1,6-dioic acid. Its solubility is also good in acetone and water. The 

adipic acid CAS number is 124-04-9. It has a molecular weight of 146.14 g mol-1 and pKa 

values of 4.43 and 5.41. It is important aliphatic straight chain dicarboxylic acid for com-

mercial use (Deng et al., 2015, 17). 

 

Figure 3. Adipic acid (CH2)4(COOH)2 chemical formula. Drawn by MolVieW drawing pro-

gram (Nina Heiniö, 2020). 
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The adipic acid and some resins used in the manufacture of nylon account for 65% of the 

total production. The market volumes of adipic acid productions have been about 2.6 million 

tons per year. The average demand is projected to remain at the level of three and a half per 

cent of the world-wide (Polen et al., 2012). According to current information, it is produced 

from 2.85 million tonnes of petrochemical sources, the main manufacturing process being 

the oxidation of nitric acid-catalyzed KA oil, cyclohexanol (C6H12O) and cyclohexanone 

(C6H10O) (Deng et al., 2015). 

Benzene is hydrogenated, which requires Ni-Al2O3 catalyst 370 to 800 psi (Ψ) for cyclohex-

ane. The cyclohexane is oxi-dized with a Co catalyst (the different cocatalysts used in the 

studies show that the (hydrocarbon) steam reforming (and water-gas transfer) has strong 

effects) to a mixture of cyclohexanone and cyclohexanol. In the process, cyclohexanol is 

converted to adipic acid using ammonium vanadate (vanadate is the anionic coordination 

complex of vanadium) and nitric acid (nitric acid is a sticky molecule that is easily absorbed 

on surfaces) in the presence of a catalyst. An alternative raw material for adipic acid synthe-

sis is D-glucose, it is converted in the process to cis-muconic acid using E. coli, it is further 

hydrogenated to adipic acid with hydrogen gas. This approach deletes several reaction and 

separation steps (Doble et al., 2007). 
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3 PRODUCTION OF NYLON 6,6 

 

At this point in this work, I want to tell readers about the manufacture of nylon, it is a central 

and important part of this work. The topic is intrinsically related to the content of the work 

and it was important to start this work from where the core of the problem consists. Adipic 

acid is mainly used in the manufacture of nylon. Benzene is made from petroleum. It is an 

aromatic (planar ring structure) hydrocarbon, it is ordered ring of six carbon atoms, with all 

carbon bonds being equal and between single and double bonds. 

Under laboratory conditions, benzene has been found to be colorless and is a highly flam-

mable liquid, has a pleasant, sweet odor and is readily soluble in water. Benzene is a known 

carcinogen and has toxic effects on humans (Irvine, 2015). Nylon 6,6 is prepared by stepwise 

growth polymerization of hexamethylenediamine (HMDA) and adipic acid (Moody et al., 

2004). Hexamethylenediamine is one of the most important intermediates in the preparation 

of nylon 6-6 by polycondensation with adipic acid. According to current information, the 

commercial process used in the manufacture of HMDA is the hydrogenation of adiponitrile 

in ammonia, which is produced by hydrocyanation of butadiene (Dros et al., 2015).  

In the preparation of nylon 6.6, adipic acid is used as a monomer in the preparation of nylon 

6.6 and other polymers. In the nylon synthesis reaction, nylon 6.6, adipic acid and hexameth-

ylenediamine (C6H16N2) are added to water and the process produces a nylon salt. As the 

process proceeds to the next step, the water is evaporated and the salt proceeds to the reaction 

chamber where the polymerization takes place (Willam E-Lutrell, 2016). 
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Figure 4. Manufacturing of Nylon 6.6. Encyclopedia of Chemical Technology (Wiley et al., 

2012). 

The reaction proceeds by catalysis by protonation using a single molecule of adipic acid. 

Protonation means that (or called hydronation) is a proton hydron or hydrogen cation), (H 

+) is added to an atom, molecule, or ion that forms a conjugate acid. This leaves the posi-

tively charged molecule open to hexamethylenediamine (C6H16N2) for electrophilic attack 

(electrophilic addition is the reaction between an electrophile and a nucleophile by the addi-

tion of double or triple bonds). As shown in the Figure 5 the resulting molecule is a monomer 

used to create nylon 6.6 (Willam E-Lutrell, 2016). 

 

Figure 5. Nylon 6,6 chemical formula from Adipic acid (Willam E-Lutrell, 2016). 
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3.1 Traditional production from fossil resources, KA oil 

 

Adipic acid is mainly made from benzene, although it has been found to cause climate pol-

lution. Reduction of benzene occurs from cyclohexane, then oxidation at high temperature 

(125-165 ° C) and high pressure (8-15 atm) to give KA oil, a combined mixture of cyclo-

hexanone and cyclohexanol. As the process progresses, the KA oil reacts with nitric acid 

and both with air to produce vanadium or copper catalyzed adipic acid. Disadvantages of a 

harmful industrial process include low yields, 4 –11% (Deng et al., 2015). 

In the chemical industry, the cyclohexane oxidation process is a very important reaction. In 

cyclohexane, it is very tricky to activate C-H bonds as inert ones, leading to poor reproduc-

ibility in 3-5% cyclohexane conversion and 75-80% selectivity to KA oil in the autocatalytic 

oxidation process of cyclohexane (Feng et al., 2015). Caprolactone has been used mainly as 

a monomer in the manufacture of specialized polymers. The market demand for caprolactam 

is over 60 kilotonnes per year. The Baeyer-Villiger reaction was first reported in 1899 and 

has become a valuable method for industry to produce esters or lactones from ketones. 

(Renfeng et al., 2019).  

 

Figure 6. Cyclohexanol (HOCH(CH2)5) chemical formula. Drawn by MolVieW drawing 

program (Nina Heiniö, 2020). 
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Figure 7. Cyclohexanone (CH2)5CO). chemical formula. Drawn by MolVieW drawing pro-

gram (Nina Heiniö, 2020). 

 

4 WOOD, RAW MATERIAL 

 

This chapter shows readers the purpose of forest certificates because it is a big integral part 

of sustainable forest management, as technology companies use the trees of suppliers to be 

cared for in their industry. It was found out how much forest felling is done at the Finnish, 

European level and worldwide, the results are presented in cubic meters. A description was 

also made of what forest residues consist of and how forest residues are generated. A very 

important part is to tell what conifers consist of, i.e., guaciacyl units, while deciduous trees 

contain guaciacyl and syringyl units. It was significant to study lignin, lignocellulose be-

cause it is source of adipic acid production. 
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Figure 8. Products made from raw wood. (Photo: Nina Heiniö, 2020). 

Wood is a natural raw material, and sustainably managed forests provide good wood raw 

material for technology companies. The forest industry and many technology companies 

only use wood from suppliers who take care of their forests and recognize the importance of 

the future of forest areas. Sustainable forest management with logging practices that should 

be based on internationally accepted principles, such as the two largest certification schemes, 

PEFC and FSC, are in place worldwide. PEFC is a forest certificate approval program. This 

means good and systematic afforestation and the promotion of forest health. Good system-

atic management of forests takes a lot of time, requires good expertise, effort, and care. An 

established company traces and verifies the origin and legality of all wood raw materials 

worldwide before deployment, regardless of technology.  

Forest certification demonstrates that forests are used sustainably. This means that the man-

agement and treatment of forests is ecologically, economically, and socially sustainable and 

does not reduce the livelihoods of future generations. The diversity of forest nature and the 

cultural and recreational values of forests are preserved at the same time as planned forestry 

is practiced. The purpose of forest certification is to strengthen the sales of Finnish wood-
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based products on the international market. The requirements for forest certification are de-

fined, the fulfillment of which is assessed annually by an external auditor. The certificate is 

issued when forest owners and forestry operators commit to operating in accordance with 

the certification criteria (PEFC FI 1002: 2014 standard), and the requirements of the criteria 

are met in the audit assessment. Verification of the traceability (origin) of wood always en-

sures that the origin of the wood comes from certified forests (Finnish Forest Center, 2016). 

Forest certification in Finland is usually carried out as regional group certification. Forest 

owners participate in the certification either through membership in forest management as-

sociations or by registering with the Sustainable Forestry Association directly or through an 

organization representing them, such as a wood procurement company. 

The chain of origin certificate is issued to forest industry production facilities that have a 

traceability system. The two largest certification schemes, PEFC and FSC, are in use world-

wide. PEFC is program for the Endorsement of the Forest Certification. PEFC is mainly a 

system supported by forest owners’ organizations and the forest industry. It is maintaining a 

comprehensive database to ensure easy access to relevant information on certificate holders, 

users of logos and labels, certified products, accredited certification bodies and national cer-

tification schemes approved by PEFC (PEFC, 2020). The FSC comes from environmental 

and nature organizations, and the FSC places more emphasis on environmental and forest 

protection issues. About 85% of Finland's forests are PEFC-certified and less than 10% FSC-

certified (Finnish Forest Center, 2016). 

 

4.1 Forest residue and forest felling 

 

Forest residues and logging are an essential part of the raw material used in the manufactur-

ing of adipic acid when it comes to bio-based adipic acid. Data was collected on an annual 

basis on how much wood was felled per year per cubic meter. It was investigated how much 

we could utilize pruned wood, forest residues to produce adipic acid. 
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At first, let’s describe forest residues and how forest residues are generated. Forest residues 

refer to small trees, branches, tops, and unsuitable wood left at the bottom of the forest after 

harvesting. Forest residues can be classified into three different main categories: felling of 

wood from final felling, harvesting, and thinning of wood, and cleaning of small trees and 

unmarketed wood (Alakangas, 2002). Wood extraction is assumed to produce two different 

types of product: round wood, the main part of which is wood and the rest forest residues. 

Forest residues are produced during harvesting and forest management operations. Wood 

processing waste is the so-called by-product of sawmills, pulp mills and other wood products 

manufacturing plants (Sowlati, 2016).  

According to statistics in Finland, in August 2020 almost 4.7 million (m3) cubic meters of 

wood were felled for industrial use. The felling volume was 11 percent lower than in August 

2019 and five percent lower than the average of the previous ten-year period. In 2019, 2.6 

million cubic meters of canopy mass and stands were also harvested from Finnish forests. 

According to 2020 statistics, 2.2 cubic meters of logs and 2.6 million cubic meters of pulp-

wood were felled. The felling volume of logs decreased by nine per cent from the previous 

year in 2019 and that of pulpwood by 13 percent. The Table 1 shows in the monthly fellings 

of industrial wood. Also presented as a graphical (see Figure 9) view of the statistical data-

base. Industrial wood logging data collected, total private forests, private forests vertical 

stores, private forests procurement stores and forest industry. The statistics are for August 

2020 (Luke, Sauvula-Seppälä, 2020). 

The volume of felling of private forests decreased by nine percent from the previous year 

(2019) to 3.8 million cubic meters. The felling volume of the forest industry companies own 

forests and state forests was 0.9 million cubic meters, which is almost one-fifth less than in 

August 2019. For industrial use, 386,000 cubic meters of energy wood were harvested. Of 

this amount, 164,000 cubic meters were pruned trunk and whole wood (Industrial wood 

felling and labor (Luke, Sauvula-Seppälä, 2020). 
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Table 1. Modification (Nina Heiniö, 2020). The industrial wood felling as variables month, 

group of owners and type of timber (Statistical database, Luke, 2020). 

 

 

Figure 9. The industrial wood felling as variables month, group of owners and type of timber 

(Statistical database, Luke 2020). 

The graph Figure 10 in shows the totals of pine, spruce, and leaf logs, as well as the total 

amount of pine-, spruce-, and leaf fibres and log wood total, total pulpwood together with 

amount material wood total. Numerical quantities are expressed in units of 1000 m3. The 

total amount of pine, spruce, and leaf logs (numbers are circled in red) is 902 + 1170 + 83 = 

2155m3. There are 1174 + 749 + 661 = 2584m3 pine, spruce, and leaf fibres (numbers are 

2020/08(m3)
Pine

 log

Spruce

 log

Leaf

 log

Log wood 

total

Pine

 fiber

Spruce

 fiber

Leaf 

fiber

Total 

pulpwood

Material 

wood total

All in total 902 1 170 83 2 155 1 174 749 661 2 584 4 739

Private forests, total 677 1 063 77 1 817 809 651 565 2 025 3 842

Private forests, 

vertical wood shops
639 1 022 72 1 733 729 607 515 1 850 3 583

Private forests, 

procurement stores
38 41 5 84 80 44 51 175 259

Forest industry 225 107 6 338 365 98 95 558 897
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circled in green). Log wood total (2155) + total pulp wood (2584) means material wood total 

4739m3 (numbers are circled in blue). The statistics are for August 2020. The Pareto graph 

shows the statistical distribution from relatively larger to smaller. The secondary axis repre-

sents the percentage (%) of the total. 

 

Figure 10. The industrial wood felling as variables month, group of owners and type of tim-

ber (Statistical database, Luke 2020). 

 

 

 

 

 

 

 

Total pulpwood + log wood total = material wood  total  

The total amount of pine, spruce, and leaf logs 
The total amount of pine, spruce, and leaf fibers 
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The tables 2 and 3 show the forest felling of raw wood from 2018 for the whole world and 

for Europe. 1 000 m³ under bark (International forest statistics, Luke 2018). 

Table 2. The forest felling (softwood) of raw wood from 2018 for the whole world and for 

Europe. 

 

Table 3. The forest felling (hardwood) of raw wood from 2018 for the whole world and for 

Europe. 

 

The graph Figure 11 in shows the number of raw wood felling worldwide. The pie chart 

shows the relationship of the parts to the whole. Logging of raw wood; for softwood, the 

total volume in the whole world in 2018 was 1.135004 cubic meters, 15% of the total. Hard-

wood accounted for 827060 cubic meters of the total, 11% of the total. The total volume of 

round wood was 3.890863 cubic meters, 51% of the total amount. These totals also include 

the volume of European felling (Luke, Sauvula-Seppälä, 2018). 

 

Log wood Pulpwood

Whole world 747515 351333 1135004

Europe 342744 150258 510518

The European Union EU28 189140 105705 299099

Softwood
Whole world and Europe  Softwood Total 

Roundwood

Log wood Pulpwood Total

Whole world 379859 334775 827060 3890863

Europe 50339 68072 134294 817403

The European Union EU28 29240 49827 81882 498863

Whole world and Europe
Hardwood

Hardwood Total 
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Figure 11. Logging of raw wood all over the world (International forest statistics. Luke, 

2018). 

 

4.2 Lignocellulosic fibres 

 

Lignocellulosic biomass is available and inexpensive organic material that can be used to 

produce biofuels and a several of chemical products. The conversion of biomass to bio-based 

products is not an easy task because of to the complexity of such materials. The release of 

sugars requires a pre-treatment step to restore biomass concentration. Pre-treatment steps 

have been researched and developed; further improvements are needed because pre-treat-

ment of lignocellulosic biomass is an expensive step in the biorefinery process (Mussatto et 

al., 2016).  
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Figures 12 a/ b. Different parts of wood, wood texture. Source; Biomass Fractionation Tech-

nologies for a Lignocellulosic Feedstock Based (Solange I. Mussatto, 2016).  

Technology developers and researchers are looking for alternative production routes that 

could utilize renewable resources such as lignocellulosic raw materials. Adipic acid is pro-

duced by forest residues which are used in the pretreatment stage. They are divided from 

forest residues into cellulose, hemicellulose, free sugars, and lignin. In addition, the hydrol-

ysis and fermentation step streams are pretreatment forest materials, including cellulose, 

hemicellulose, lignin, and other substances (Aryapratama et al., 2017).  

The source of lignocellulosic biomass comes from forest residues, it is used to make cellu-

lose and hemicellulose components such as bioenergy and other value-added products 

(Badgujar et al., 2019).  

The lignocellulosic biomass contains of 35-50% cellulose, 20-25% hemicellulose loss and 

10-25% lignin. Lignocellulosic biomass is the world’s most abundant resource and is bio 

renewable biomass. Lignocellulosic biomass consists of cellulose and is the main compo-

nent. Hemicellulose, which is the second most important polymer. The structure of lignin 

consists of a three-dimensional polymer of phenylpropanoid units. (Modification, lignocel-

lulosic materials (Lappeenranta LUT University, 2020). 
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Figure 13. Modification (Nina Heiniö, 2020), lignocellulosic materials (Lappeenranta LUT 

University, 2020). 

 

4.3 Lignin  

 

Lignin accounts for 30% by weight of lignocellulosic biomass. It is a major alternative 

source of renewable aromatic chemicals. Lignin is the second richest biopolymer. Following 

the primary precipitation of cellulose and the secondary cell wall structure of plants, it con-

sists of complex phenolic compounds. Lignin is also a complex biological molecule and is 

known as a good biopolymer. The lignin present has a significant biological effect on plant 

growth, development, and adaptation to stress tolerance. Its chemical structure also depends 

a lot on the type of biomass material (Yong-Chao Lu et al., 2020).  

The composition of lignin is unique. It has a high carbon content, high thermal stability, 

adhesion properties, biodegradability, biocompatibility and is biologically active. A good 

feature of lignin is that it benefits from cost-effective processing. Such as low-energy pro-

cesses as a by-product of the agricultural, paper and pulp industries. Due to the composition 

of lignin, research has been done on the manufacture of lignin-based materials, they have 

had advanced properties in industrial applications for decades (Terzioğlu et al., 2020). 

The composition of lignin makes it a significant natural renewable raw material in the man-

ufacture of several commodity products. It is also produced commercially as kraft lignin 
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during papermaking It is also used in the manufacture of various chemicals such as esters, 

ethers, bio adhesives, bio-lubricants, foams, nanoparticles, nanocomposites, syntheses 

(Sharma et al., 2020). 

Generally, lignin concentration amounts in biomass decrease; conifers> deciduous trees> 

grass (Holladay et al., 2007). The table 4 in shows the percentage of lignin from different 

biomass sources.  

Table 4. Percentage of lignin in different biomass sources (Holladay et al., 2007). 

Wood  Biomass percentage (%) 

Softwood 27 – 33 % 

Hardwood 18 – 25 % 

Grasses 17 – 24 % 

 

Softwoods consist of guaciacyl units, while hardwoods contain guaciacyl and syringyl units. 

Trifunctionally connected units offer multiple branching locations and ring units have mul-

tiple options. Different tree species produce lignin by enzymatic dehydrogenative polymer-

ization a coniferyl alcohols (common in softwoods), syringyl alcohol (common in hard 

woods), and coumaryl alcohol (common in grasses). The molecular weight is different for 

softwood and hardwood, softwood lignin molecular weight is bigger than hardwood (Hol-

laday et al., 2007). Building components such as phenylpropenyl; guaiacols (C7H8O2), guai-

acol are a naturally occurring organic compound, contains (carbon-carbon bonds) and syrin-

gols (C8H10O3) with a ring structure and it is pyrogallol dimethyl ether, C6H6O3). They are 

linked by carbon-carbon and carbon-oxygen bonds (Holladay et al., 2007). 

Despite its complexity, the connecting structural feature is a branched and crosslinked net-

work of C9 - phenylpropenyl units. Biosynthetically, C9 units are produced by enzymatic 

dehydrogenative polymerization of coumaryl alcohol, coniferyl alcohol, and sinapyl alcohol. 

Coniferyl and sinapyl alcohol are based in the progress of the known guaiacyl and syringyl 

structures of lignin (see Figure 15) (Holladay et al., 2007). 
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Figure 14. Types of C9 units found in lignin (Holladay et al., 2007). 

 

Figure 15. Three important lignin structures. 4-hydroxyphenyl (1), guaciacyl (2) and sy-

ringyl (3) structures (Abe et al., 2010). 

 

4.4 Adipic acid from lignin and lignocellulosic 

 

A simpler way of presenting the preparation of adipic acid can be divided into three parts. 

In the pyramid triangle shown in Figure 16. The three-step process takes place as follows; 

lignin and lignocellulosic are produced from forest residues and the result is bio-based adipic 

acid. During the study, an idea formed for a simpler way to present the preparation of bio-

based adipic acid, so that the non-professionals would be understand the whole process. The 

professionals should be able to present and break down the process so that it is easy to un-

derstand where the process begins and where is the ends. The detailed explanation process 

steps are presented 5.2 bio-based adipic acid production process.  
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The estimate of the use of forest residues is based on the fact that 80% of forest residues are 

left at the bottom of forests after harvesting (Aryapratama et al., 2017). The value of ligno-

cellulose and lignin is based on the fact that the lignocellulosic biomass consists of between 

35-50% and the proportion of cellulose, 20-25% of hemicellulose and 10-25% is the propor-

tion of lignin. It was estimated that 60% of the forest residue was processed. The adipic acid 

industry needs very pure adipic acid because it is needed for polymer synthesis. The estimate 

of the process potentially yields 85% of very pure adipic acid, based on the fact that the 

waste residue would be only15%. This is an employee estimate because adipic acid produc-

tion is not yet in the industry mass production stage. Mass production is always what tells 

the actual and correct yield percentage from manufacturing (process capability) defect sta-

tistic percentage what is the percentage of waste during manufacturing and how process 

variations affect the production process and how capable the process is. 

 

 

Figure 16. Process diagram with applicable percetage estimate of each fraction of adipic 

acid from lignin and lignocellulosic (Nina Heiniö, 2020). 
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5 CHEMICAL ROUTE OF ADIPIC ACID  

 

Process modelling produces process descriptions of either the current or future target state. 

The description of the current state helps to understand what the current way of working of 

the process has been and how the old new process can possibly be related to each other. The 

description of the target space, in turn, serves as a plan for implementing a new approach in 

industry. The author of this work wanted to explain to the readers of the work why it is 

important to present descriptions of the process from which it was started in the past and 

where it has been reached to date, as well as the direction in which possibly groundbreaking 

research has led. Targeted research was performed research fossil-based adipic acid produc-

tion, biobased concept to produce adipic acid, biorefinery concept for bulk and fine chemi-

cals production, adipic acid production from biological conversion cis, cis muconic and 

adipic acid production from lignocellulosic biomass, consolidated bioprocess (CBM). 

 

5.1 Fossil-based manufacturing 

 

The industrial production of adipic acid has so far taken place by conventional production 

by a chemo-catalytic process using petroleum as a manufacture. Non-renewable fuels have 

been used as materials and the properties are detrimental. Adipic acid is immediately toxic 

but low (Kennedy, 2002). Benzene is a carcinogenic chemical that has been shown to be 

associated with benzene exposure (Galbraith et al., 2010). 

There are several production routes for the manufacturing of adipic acid on an industrial 

scale. It has been found that all are traditional production routes. The known route takes 

place with nitric acid of cyclohexane and cyclohexanone, the ketone with alcohol (KA) oil. 

Nitric acid (HNO3) reactions (1) and (2) (see Figure 18) show the oxidation reaction of nitric 

acid. Nitrous oxide (N2O) is formed during oxidation and nitrous oxide is a by-product of 

the process, as shown by the oxidation reactions (1) and (2), show in the Figure 17 (Shimizu 

et al., 2000).  
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The current economy of traditional adipic acid manufacturing includes a wide variety of 

chemicals to high quality fine chemicals. Environmental issues related to chemical produc-

tion have arisen and raise questions. New potentially better solutions are now being sought, 

such as increasing selectivity, reducing by-product formation during the process, and im-

proving multi-purpose catalysts to minimize the number of reactions (Hoelderich, 2000). 

Natural resources that are non-renewable need to be reduced and the raw materials of the 

processes replaced with renewable natural resources. This even helps with a completely dif-

ferent adipic acid manufacturing production process (Sanden and Pettersson, 2014). This 

could be a solution to replace fossil-based resources with renewable ones. In a later chapter 

introduce a biobased concept to produce adipic acid. 

 

Figure 17. Chemical route from fossil-based adipic acid production (Shimizu et al., 2000).  

Almost all commercially produced adipic acid is prepared from benzene, which is first re-

duced to cyclohexane. During the process, the cyclohexane is converted into a mixture of 

cyclohexanone and cyclohexanol in two successive oxidation steps. The mixture is further 

reacted with adipic acid with nitric acid and air, copper or vanadium is used as the catalyst 

(see Figure 18) (Polen et al., 2012). 

(1) 

(2) 
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Figure 18. Chemical route of adipic acid synthesis from benzene (Niu et al., 2012). 

 

5.2  Bio-based manufacturing 

 

The addition of forest residues allows the production of bio-based adipic acid. This is a 

promising way to produce adipic acid, as the availability of forest residues is about eighty 

percent. After harvesting in the forest there are still forest residues at the bottom of the forest, 

therefore, the availability of forest residues that can be utilized to produce adipic acid is 

significant, because 80% of the forest residues left in the forest are unused. Adipic acid  pro-

duction process a flow chart of the process is shown in Figure 19. The process description 

was done so that the arrows indicate in which direction the process is progressing step by 

step. It helps readers understand the process progress from start to finish. A more detailed 

description of the process for producing biobased adipic acid can be found in Chapter 6 of 

the biobased adipic acid process steps. The International Energy Agency (IEA) says adipic 

acid is the industry’s primary dicarboxylic acid. It has been found to be a very suitable sub-

strate chemical for the preparation of bio-based adipic acid (Skoog et al., 2018). 

 



36 

 

 

Figure 19. Modification (Nina Heiniö, 2020), Process flow diagram of bio-based adipic 

acid.  
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5.3 Biorefinery process to produce bulk and fine chemicals 

 

The process diagram shown in Figure 20 shows the concept of a biorefinery, the production 

of bulk and fine chemicals. Adipic acid is important as a pulp chemical and is a primary 

target for the preparation of nylon-6,6. 80% of the production is needed to produce this pol-

ymer. The environmental problems caused by bulk chemicals have increased. For this rea-

son, researchers and technology developers are actively looking for better production routes 

to produce such bulk chemicals, such as by utilizing renewable raw materials such as ligno-

cellulosic raw materials. These would-be better options for the environment, saving the cli-

mate, as N2O emissions account for about 9% of annual greenhouse gas emissions. Adipic 

acid is an example of chemicals whose traditional production produces emissions into the 

climate. Traditional fossil-based production manufacturing high levels of nitrous oxide and 

has an impact on the climate. 

In this Swedish examination, conclusions have been drawn from sensitivity analyzes. The 

sensitivity analysis highlights the good environmental benefits of using biomass as a source 

of process energy in the production of either bioadipic acid or NaBH4. Improving biomass 

burning would reduce the environmental impact. Alkaline pretreatment has greater advanced 

environmental impacts compared to acid pretreatment. It is important to be able to alleviate 

the amount of sodium borohydride (NaBH4) used in the pretreatment (Aryapratama et al., 

2017). For this reason, the development of biorefineries requires more research and in-

creased use of renewable resources such as lignocellulosic raw materials in the future. 
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Figure 20. Modification (Nina Heiniö, 2020) Biorefinery process description of bulk and 

fine chemicals manufacturing (Aryapratama et al., 2017).  

 

In Figure 20, I show the bioprocess concept of the production of muconic acid and adipic 

acid from lignin. The process is simplified for readers. The alkaline pretreatment fractionates 

the biomass and depolymerizes the lignin to produce an aromatic rich water stream. The 

engineered P. putida then biologically reduces the lignin-derived aromatics to a muconate, 

which is then purified and separated. Finally, catalytic hydrogenation converts muconic acid 

to adipic acid (Vardon et al., 2015). More detailed information on P. Putida in the chapter, 

Adipic acid production (5.4) on the biological transformation cis, cis muconic.  
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Figure 21. Biorefinery process to produce muconic acid, and adipic acid from lignin (Var-

don et al., 2015). 

 

5.4 Manufacturing biological conversion cis, cis muconic 

 

The industrial application of adipic acid to industry is important because it consumes almost 

85% of the market demand. The production of good pure adipic acid must contain pure acid 

(99.8%), which is required for the preparation of polymer synthesis. The muconic acid is a 

polyunsaturated dicarboxylic acid. The muconic acid is produced renewably with a few sug-

ars and lignin-derived aromatic compounds, biologically. Process techniques are important 

for the separation and catalytic conversion of biologically derived muconic acid to adipic 

acid relative to a stable catalytic material (Vardon et al., 2016). Adipic acid can be prepared 

by chemo-catalytic conversion of bio-based muconic acid or glucaric acid precursors in a 

hydrogenation process using Pt (platinum, sequence number 78) on carbon or Ru10Pt2 na-

noparticles as catalysts (De Guzman, 2010; Niu et al., 2003). An alternative production route 

for adipic acid can take place by biologically converting benzoic acid (C6H5COOH) or other 

aromatics to muconic acid, it can be sensitively converted to adipic acid by hydrogenation 

at low elevated pressure (3.5 bar) and an electrical potential of 3 hours (Dureen et al., 2011). 
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As already mentioned above, muconic acid can be produced biologically and research has 

been done thoroughly. There are two production methods. The first route (1) is of muonic 

acid from glucose; (2) which is metabolized aromatically to muconic acid. The second route 

(2) is important because lignin is the main source of natural aromatic substances (Deng et 

al., 2015). Lignin accounts for about 40% of the lignocellulosic biomass. However, lignin 

has generally been treated as waste, while cellulose and hemicellulose. Recent research has 

shown that products produced by aromatic substances with lignin polymerization have high 

values. Currently, the most studied aromatic use is to direct aromatic compounds to the 

higher pathways of β-ketoadipate (β-KAP, the β-ketoadipate process is a convergent degra-

dation pathway encoded by chromosomes. It has been studied that catechol could form cis, 

cis-muconic with catechol-1,2-dioxygenase. After this muconic acid was digested into the 

succinyl-CoA (C25H40N7O19P3S) and the acetyl-CoA (Acetyl-CoA is a metabolite derived 

from glucose, fatty acid, and amino acid catabolism) β-ketoadipate route which was deleted 

in the modified strains (Deng et al., 2015).   

Another important intermediate in the studies has been protocatechuate, which is converted 

to catechol by protocatechuate decarboxylase (AroY). Protocatechuate is biologically pre-

pared with lignin-derived aromatic compounds: such as conical alcohol and β-coumarate. 

The study found that based on lignin aromatics were metabolized primarily by pseudomonas 

putida KT2440 (pseudomonas putida strains are fast-growing bacteria isolated from most 

temperate lands and waters, especially contaminated lands (Vitor et al., 2004) due to their 

ability to be mutagenic and it withstands a great many pressures from the environment (Deng 

et al., 2015). 
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Figure 22. Preparation of adipic acid from lignin-derived substances. 

A lignin-derived aromatic substance has been studied to produce cis, cis-muconate is a ben-

zoate (C6H5COOH). Studies have shown that benzoate converted to 1,2-dihydroxybenzoate 

with benzoic acid. The 1,2-dihydroxybenzoate was catalyzed to catechol by benzoate diol. 

Dehydrogenase and catechol were further converted to muconic acid by catechol-1,2-diox-

ygenase. In P. putida KT2440 muconate preparation from benzoate contains two operons 

benABCD and catBCA. During the steps in the presence of benzoate, BenR activates the 

transcription of the benABCD operon by converting the benzoate to catechol and the tran-

scription of the CatR-activated catBCA operon to further degrade the catechol to muconic 

acid. 

The mutant was unable to utilize benzoate as a carbon source, its metabolized benzoate, and 

glucose to obtain a good food process. ApH-form fermentation The KT2440-JD1 benzoate 

strain was developed for a higher production rate of 0.6 g / g dry weight / h and a titer of 

18.5 g / l process capacity with 100% process capacity (Deng et al., 2015). 
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5.6  Manufacturing long chain carbon substrate 

 

Current and future methods have shown that a metabolic process for the manufacturing from 

long-chain carbons is possible. Adipic acid is prepared with modified yeast strains and / or 

by oxidizing long chain substrates other than n-alkanes and fatty acids (Picataggio et al., 

2012), as shown in Figure 23B. The cytochrome P450 and hydroxylase complex consists of 

NADPH (nicotinamide adenine dinucleotide phosphate C21H29N7O17P3), responsibility for 

the success of the reaction. 

 

Two methods have been used. One; In the process, 6-hydroxycaproic acid was converted to 

6-oxohexanoic acid by fatty alcohol dehydrogenase or fatty alcohol oxidase. Two; The 6-

oxohexanoic acid is prepared as adipic acid by fatty aldehyde dehydrogenase, as shown in 

Figure 22B. In a study in the Verdezyne patent, they had found that the C. tropical and other 

modified genes such as HexS, CPR, CYP450, ADH, FAO, and Ald DH had channelled high 

amounts of carbon into adipic acid. Studies have shown that six days after culturing The C. 

tropicalis sAA580 prepared 4 g / l of adipic acid from coconut oil. Picataggio had developed 

the fermentation technique to enhance the titer result he adipic acid titer above 50 g / L for 

120 hours, the highest titer result ever achieved. More detailed information on how high 

adipic acid titer could be obtained with oils is not available, yet (Deng et al., 2015). 

The preparation of adipic acid is also performed on modified yeast strains by α-oxidation 

(alpha oxidation) and / or ω-oxidation (omega oxidation) of long-chain n-alkanes, alcohols, 

or fatty acid substrates by terminal oxidation, including saturated and unsaturated fatty acids 

and ω-hydroxy fatty acids. Designed Candida tropicalis (candida tropicalis is a yeast form 

of the fungus, known to be pathogenic in neutropenic hosts and spread through the blood-

stream to peripheral organs) strains convert fatty acids to α, ω- dicarboxylic acids, including 

adipic acid. The impact is due to disturbances in the genes (POX4, POX5) encoding acyl-

CoA oxidase (AOX) and their factors that inhibit fatty acid β-oxidation (beta oxidation) and 
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direct substrates to terminal oxidation. The development of these strains offers the possibility 

of preparing much more inaccessible dicarboxylic acids (Polen et al., 2012). 

 

 

 

Figure 23. Biological conversion of substrates to adipic acid. (A) reverse adipate degradation 

process; (B) metabolic route for the preparation of adipic acid from cyclohexanone long 

chain carbon substrate (C) for biological oxidation to adipate (Deng et al., 2015).  
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5.7  Consolidated bioprocessing (CBP) 

 

A very significant consolidated bioprocessing has been developed for adipic acid that could 

be utilized in industrial production. The advantages of lignocellulosic biomass are that pro-

duction can be carried out at a low starting price, which potentially alleviates the production 

costs of adipic acid, then it is more economically competitive than other production routes. 

Combined bioprocessing where the process takes place by converting lignocellulosic bio-

mass into the desired products. Thus, one step is without pretreatment and the other step is 

the addition of enzymes to the hydrolysis of lignocellulosic biomass to soluble sugars. (Deng 

et al., 2015). CBP has an approach to biomass conversion. The process is so good that it is 

possible to combine and simplify multiple processing steps, cellulase productions, enzymatic 

hydrolysis, and bioconversion in one simultaneous (Scarlata et al., 2015). 

The process plans include four biologically mediated transformations to degrade lignocellu-

lose:  

- saccharolytic enzymes of manufacturing 

- hydrolysis of polysaccharides by pretreatment from biomass to monomeric sugars 

- hexose of sugars and fermentation of pentose sugars 

These four methods are planned to take place in a single unit at CBP. The near-complete 

CBP system produces saccharolytic enzymes that hydrolyze structural carbohydrates (cellu-

lose and hemicellulose) into oligomers. Next, the oligomers are hydrolyzed to monomers 

and dimers. In the last step (at the end of the process), these five and six carbon sugars are 

fermented into RDB or other preparations. CBP potentially reduces the complexity of pro-

cesses and drops costs because the process is done in the same unit. This avoids the cost of 

external carbon procurement by the enzymes (see Figure 24). 
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Figure 24. Combined CBP process (Scarlata et al., 2015).  

 

6 PROCESS STEPS OF BIOBASED ADIPIC ACID 

 

This chapter looks at the different stages of adipic acid production. Where the process begins 

and where it ends. The process begins with the recovery of forest residues harvesting, round-

wood, main of the trees and forest residues. The process is progressing to pretreatment, fol-

lowed by neutralization and an upstream separation process, then hydrolysis and fermenta-

tion, and then a downstream process.  

 

6.1 Forest residue  

 

The process starts with forest harvesting. Once the forest residues have been pretreated then 

pretreated forest residues are utilized in the hydrolysis and fermentation process. Previous 

studies have shown that the use of forest raw material residues in the produce of adipic acid 
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can be considered a promising alternative for the manufacturing of adipic acid. Forest resi-

dues mainly consist of twigs and thinning tops, which are considered a promising renewable 

raw material resource. The after forest harvesting eighty percent (80%) remains at the bottom 

of the forest. This shows a good use of the forest raw material resources, utilization of avail-

ability (Aryapratama et al., 2017). 

 

6.2 Pretreatment step 

 

The pretreatment takes place by fractionation, which in the process separates forest residues 

into cellulose, hemicellulose, free sugars, lignin, and other substances. There are two types 

of different pretreatment processes: acid-catalyzed pretreatment (see Figure 25) and alkaline 

pretreatment (see Figure 26). Sulfur dioxide (SO2) is used in the acid-catalyzed pretreatment 

process. The pretreatment process takes place by adding steam at 212 ° C and 20 bars. Vapor 

is generated by the combustion of lignin and methane in the process, which are generated as 

a by-product of the process winding and as a by-product of anaerobic digestion (see Figure 

19). The basic pretreatment process is carried out using 7% (m / m) sodium borohydride 

solution (NaBH4) based on the mass of forest residues. Process step followed by a small 

steam explosion (STEX) at 110 ° C. Next, the process proceeds and is performed by basic 

pretreatment with sodium hydroxide (NaOH) (Aryapratama et al., 2017). 
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Figure 25. Acid-Catalyzed pretreatment process (Janssen et al., 2016). 

 

 

Figure 26. Alkaline pretreatment process (Janssen et al., 2016). 
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6.3 Neutralization and separation step  

 

In pretreatment methods in the neutralization step, the Ph value should be adjusted close to 

five. It is the optimal pH for the process. In connection with pre-treatment NaOH should be 

added during process. After the basic pretreatment step, hydrochloric acid (HCl), in turn, is 

used to neutralize the pretreated materials. In the next stage of the process, the materials 

proceed to the separation stage at the beginning of the process (see Figure 19), the free sugars 

contain water and the water containing free sugars is led to an anaerobic digestion process 

which is the biogas for steam production. Finally, the ingredients proceed to the fermentation 

reactor in the process stream of bio-based adipic acid (Aryapratama et al., 2017). 

 

6.4 Fermentation and hydrolysis step 

 

The hydrolysis and fermentation process utilizes pretreated forest residues that contain cel-

lulose, hemicellulose, lignin, and other components such as bark, ash, and free sugars. The 

hydrolysis process produces fermentable sugars, indigestible holo-cellulose (holo-cellulose 

is a water-insoluble carbohydrate fraction of wood materials) and unfermented free sugars. 

Lignin has very little effect on the hydrolysis process during the process. In a study of acid-

catalyzed pretreatment processes, it was found that cellulose and hemicellulose are hydro-

lyzed with the enzyme preparation Cellic Ctec2. In the basic step, the enzyme is not used 

(Jedvert et al., 2012; Jedvert, 2014). The fermentation step consists of the conversion of C6 

sugars to adipic acid via lysine (an amino acid). The study assumed that the nutrient required 

in the fermentation step was ammonium sulfate (NH4)2SO4) (Aryapratama et al., 2017). 
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6.5 The downstream step 

 

Schweigler (2016) has done a simulation study based on the energy needs of individuals and 

the downstream of the whole process. Water evaporation and adipic acids are the most en-

ergy intensive parts in the final process. Lignin is produced by further processing as a by-

product. Studies have shown that the filtration unit produces relatively pure adipic acid rel-

ative to other streams (water containing dissolved chemicals and materials) or has already 

been recycled. Recycling of adipic acid in the process increases the recovery of adipic acid 

or it flows anaerobically (decomposes under anaerobic conditions. Steam is generated at the 

same time as cellulose (the water-insoluble carbohydrate fraction of wood materials) and the 

indigestible part of the process water are transported to a wastewater treatment plant, which 

is discharged outside the system (Aryapratama et al., 2017).  

 

7 INDUSTRIAL MANUFACTURING HOST REGUIREMENTS FOR ADIPIC 

ACID  

 

In order for a manufacturing unit to be considered an interesting candidate in the industrial 

production of an acid, it must meet several requirements, including high titer (titer  is a way 

of expressing concentration), speed, and  process capability, yield %. In targeted acid pro-

duction, the titer, rate, and yield should generally be between 50 and 100 g / l, 1-3 g / l h1 - 

1, and> 0.5 g / g to ensure economically viable production (Wang et al., 2016; Warnecke 

and Gill, 2005). In pursuit of good yield values, they can be obtained when the production 

is able to utilize the available sugars and the flow towards the desired acid is enhanced, 

avoiding carbon losses in the biomass, the formation of by-products during the process. The 

requirement to achieve titers of 50 to 100 g / l is that production must tolerate high acid 

concentrations. The requirement to achieve titers of 50 to 100 g/L means that the production 

must tolerate big concentrations of acid. From a cost perspective, it is useful if the production 

tolerates the conditions of the acid process. Preferably around the pKa of the acid, to avoid 
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the formation of salts during the process when the base is added to maintain the pH in order 

to reach the desired level, which reduces the cost of further processing. Post-processing costs 

can be fifty percent of the total cost of the entire product. It is important to reduce the cost 

of further processing (Wang et al., 2016). The preferred pH for adipic acid would then be 4 

because the pKa of adipic acid is 4.4 (Emma Skoog et al., 2018). 

To reduce the total cost of production, production has the ability to thrive in a simple and 

inexpensive medium. To achieve the required titer, rate, and yield, the production host must 

tolerate the inhibitors present in the medium. In the process, adding vitamins or essential 

amino acids raises production costs. The use of a complex medium makes cleaning the prod-

uct very expensive. There are various obstacles to the fermentation process regardless of the 

source of the raw material. Lignocellulosic raw materials are good fermentation raw materi-

als that have the potential to be used in industry in manufacturing. They are cheap and plen-

tiful and have no competition with food manufacturing.  

Lignocellulosic raw material is a complex compound and contains cellulose, hemicellulose 

loss and in addition lignin is very resistant. Pre-treatment is almost necessary to release the 

sugars (pentoses and hexoses) to add them to the fermentation process, which increases the 

cost. The pretreatment in the process is released by the so-called Inhibitors such as furfural 

(C4H3OCHO), acetic acid and phenol (C6H5OH). (Olsson et al., 2018). A huge potential has 

been revealed for the use of impure aromatics, including phenol, derived from biological 

delignification and isolation techniques. This has been done by comparing petrochemical 

and biomass-based aromatic feedstocks for the biological and chemical combined produc-

tion of adipic acid (Van Duuren et al., 2011a).  
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8 COMPARISON OF THE TECHNOLOGY 

 

In this chapter, a comparison was made between two raw materials from which adipic acid 

is prepared. Research has been done on forest residues, which is also the purpose of this 

work to show that adipic acid produced from forest residues has an impact on the climate.The 

traditional raw material for adipic acid is benzene. Despite the high level of pollution caused 

by the production of adipic acid by industry, adipic acid is still produced mainly from toxic 

chemical benzene. Different methods were compared for producing adipic acid by biobased 

techniques. The environmental impact of bio-based adipic acid production was compared to 

traditional fossil-based production. The SWOT analysis report explains the gaps in both pro-

duction methods in depth. This was the most decisive factor for the work to find gaps based 

on the comparison and to compare their results with each other. SWOT analysis in Chapter 

10. The bio-based production of adipic acid is not yet in the same size range (mass produc-

tion) as traditionally produced adipic acid. However, the results of the study are show that 

adipic acid produced in a bio-based way produces less emissions. In a study that is favorable 

for adipic acid production, the results favour adipic acid production from forest residues. 

The study was conducted by Rio Aryapratama and Matty Janssen. Research is still ongoing 

and further research is needed. 

 

8.1 Result 

 

The author has read and found a great many studies in favour of bio-based technology for 

adipic acid, and studies have shown that the production of bio-based adipic acid has less 

polluting effects on the climate. Figure 27 clearly shows the fossil biological pathway dif-

ference between adipic acid, hexamethylenediamine, and e-caprolactam. Hexamethylenedi-

amine (HMDA) and ε-caprolactam are base monomers in the production of the major poly-

amides 6 and 6.6. Derived from benzene or butadiene as C6 sources. Hydrogenation and 

oxidation process cyclohexanone, which is then converted to either adipic acid and Hexa-

methylenediamine or ε-caprolactam via the oxime (Fuessl et al., 2016). This image from the 
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author’s perspective clearly shows the route without more difficult diagrams comparing bio-

based and fossil-based production.  

In terms of workflow, the impact of the results strongly shows how interesting it is to produce 

bio-based adipic acid from renewable raw materials as compared to traditional fossil-based 

production. During the work, the secrets of traditional fossil-based production have become 

very clear. What and how much impact it has had on the climate. However, this is the main 

reason why it has long been possible to study technologies to substitute fossil-based adipic 

acid production with bio-based production and although its production capacity is high, the 

current market for adipic acid has been around 2.6 million tonnes per year. The 2.85 million 

tonnes of adipic acid are produced from petrochemical sources (Duuren et al., 2011). Indus-

try currently accounts for about 80% of N2O emissions. It is a major drawback that needs to 

be replaced by new development technologies. 

 

Figure 27. Fossil biological pathway of adipic acid, hexamethylenediamine and e-caprolac-

tam, comparison (Fuessl et al., 2016).  
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9 ENVIRONMENTAL SUSTAINABILITY ASSESMENT 

 

The purpose of this chapter was to evaluate the chemical risk assessment for adipic acid from 

both techniques, fossil and bio-based adipic acids, but was omitted from this work. It is a 

very significant part of the technologies in industry for safety when producing adipic acid or 

when used in the manufacture of products. A chemical risk assessment is required by chem-

ical law (chemical law 9.8.2013/599) to be performed in an industry where adipic acid is 

used or other chemicals. The chemical risk assessment is based on the chemical safety data 

sheet. The purpose also of this chapter to narrate what environmental impact assessment 

means, how it is implemented. The author of the thesis wanted to study the effects of adipic 

acid on the climate and the assessment of the sustainability of adipic acid bioeconomy. 

Environmental Impact Assessment (EIA) is a statutory assessment system that helps deci-

sion makers systematically understand the environmental impacts of an entire project. Envi-

ronmental impact assessment refers to the social planning and decision-making process in 

which systematically identify and compile a plan, environment of the measure, program, or 

project effects on the environment. The aim is to effectively prevent or mitigate adverse 

environmental effects. The environmental impact assessment planning and decision-making 

process is clarified and presented through agreed steps options, impacts and mitigation and 

monitoring options for projects that have a significant impact on nature, the built environ-

ment and society. As the environmental impact assessment has developed, the notion that 

the EIA should cover not only the natural economic effects but also the social and cultural 

aspects has been strengthened. Economic and technical considerations must be taken into 

account in other design but have an impact on the environmental impact assessment. Envi-

ronmental impacts mean direct and indirect impacts caused by a project or activity in Finland 

and outside its territory, EIA law 252/2017 (Markku Kuituinen, 2014).  
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1. EIA is an information-oriented technical process 

2. EIA is a value-oriented negotiation process 

3. EIA is a political control for society 

The Figure 28 in shows the flow of the environmental impact assessment. The author of the 

work has translated the effects of the Finnish-speaking person IVA into English with the 

abbreviation HIE. This is clarified because there will be no ambiguities for professionals 

who are experts in the EIA process. Environmental impact assessment projects to which the 

EIA procedure applies are in many areas of technology, such as the chemical industry. The 

EIA process is carried out at the beginning of the project before obtaining an environmental 

permit, as it assesses the effects of environmental pressures and ensures the safe introduction 

of new technology and a sustainable assessment of the technology that is not harmful to 

humans and the environment. 

 

Figure 28. Environmental impact assessment (EIA) diagram, process flow (Nina Heiniö, 

2020). 

Nitric oxide emissions from adipic acid production have been the motivation to find substi-

tution and alternative production methods to reduce N2O emissions. The climate impact of 

nitrous oxides is 298 times greater than that of carbon dioxide (CO2). Therefore, N2O emis-

sions are still a major concern for emission reduction techniques in mitigating climate 
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change. The results have shown that bio-based adipic acid production has fewer effects on 

global warming, water eutrophication, and photochemical ozone formation in the atmos-

phere compared to fossil-based adipic acid production. Alkaline pretreatment to produce bio-

based adipic acid has a greater environmental effect than acid-catalyzed pretreatment. In a 

study by Chalmers University of Technology and the University of Graza, sensitivity anal-

yses highlight all potential environmental benefits of using biomass as a source of process 

energy in the production of either bioadipic acid or sodium borohydride. Improving the ef-

ficiency of biomass combustion reduces the environmental impact because of its potential 

importance. In addition, alkaline pretreatment has greater potential environmental impacts 

than acid treatment, thus it is important to reduce the amount of NaBH4 used in the process 

pretreatment. Cleaner production of NaBH4 can be achieved in the same way as less use of 

sodium borohydride in the production of adipic acid. Further research is needed to use a 

smaller amount of NaBH4 to be environmentally friendly (Aryapratamaa et al., 2017). With 

the development and availability of technologies to reduce N2O emissions and their use, N2O 

emissions remain a major concern for climate change mitigation.  

 

9.1 Assessment of the bioeconomy sustainability of adipic acid 

 

In order to achieve a bio-based economy, efficient production and the availability and use of 

renewable raw materials are essential for the success of bio-based technologies. In order to 

develop chemical production methods for biomass and to meet the requirements of a signif-

icantly growing bioeconomy, efforts have been made to find alternatives and to develop 

various applications of biotechnologies. The bioeconomy must be produced in a sustainable 

way. Significant efforts have been made to develop chemical production methods from bio-

mass and to meet the demands of a growing bioeconomy. From a bioeconomy perspective, 

researchers and adipic acid manufacturers are interested in a wide variety of raw materials, 

including sugar substrate (derived from starch, cellulose, or hemicellulose), lignin substrate 

(aromatic substances) and fatty acid substrate (derived from lipids).  
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The nitrogen oxide capacity of adipic acid plants is estimated to be 576,250 tonnes per year 

worldwide. It is also estimated that the production capacity of all world adipic acid producers 

would have been as high as 2 305 000 tonnes per year in 1998. The largest manufacturers 

have long since started using nitric oxide reduction facilities. They now produce only a small 

fraction of the nitric oxide they produce. It is projected that more than 80% of the nitric oxide 

produced by adipic acid plants worldwide would be eliminated to good levels by 1999 ± 

2000 (Shimizu et al., 2000). The above text is presented in this chapter, therefore, in order 

to understand how much readiness there is for the capacity of manufacturing adipic acid 

already in the past years. Since, if there is no production capacity, there is also no sustainable 

bioeconomy.  

 

Sucrose and starch-based raw materials have been used in the production of bioethanol. This 

has led to conflicts between food and feed manufacturing and fuel production. Development 

has progressed with a focus on lignocellulosic materials, such as the use of land and forest 

residues and dedicated energy crops. EU research (E4tech et al., 2015) has shown rapid de-

velopment in chemical fields produced biologically or chemically, or by a combination of 

both processes. The betterment of technological processes has reached a wide range of tech-

nical capabilities, but more reinforcement and research is needed (Emma Skoog et al., 2018). 

This provides a sustainable platform for the development of production units for new poten-

tial technologies and the growing demand for the bioeconomy. Technology industries have 

a strong potential for innovation because they use a wide range of sciences, enabling tech-

nologies that can already be implemented. 
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10  SWOT ANALYSIS 

 

The idea of the SWOT analysis method is to build an action plan by mapping internal 

strengths and weaknesses as well as external opportunities and threats using a four-field 

model. The SWOT analysis was used to map the strengths, weaknesses, opportunities, and 

threats of bio-based and fossil-based manufacturing. In Figure 29 is shown the SWOT anal-

ysis of bio-based adipic acid production reveals strength production of NaBH4, which in-

cludes strengths, can be achieved, less use of NaBH4 (Aryapratama, 2017). Significant re-

search achieved. Promising chemical pathways are available, evidence from studies con-

ducted in chapter 5 chemical routes of adipic acid.  

What is one of the most important strengths, we are motivated to do further research with 

expert professionals. Companies have introduced new technology, to mention UMP and 

Stora Enso. Weakness is the lack of mass production of bio-based adipic acid, as mass pro-

duction provides real yield, process capability, economic cost, and longer-term results from 

a climate perspective to analyse how there has been much impact on the climate. Weaknesses 

also include, research would be beneficial to figure out the feasibility of applying NaBH4 in 

lower amounts at larger scale. The economic and market uncertainty of bio-based adipic acid 

production is seen as a threat. Competitiveness over fossil products if financial uncertainty 

persists. Whether to fund new technology if uncertainty forward. SWOT analysis of the re-

sult shows that the strengths and opportunities compared to threats and weaknesses indicate 

significant potential for bio-based adipic acid production.  
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Figure 29. SWOT analysis of bio-based adipic acid production (Nina Heiniö, 2020).  

In Figure 30 shown SWOT analysis reveals fossil-based adipic acid production reveals 

strength things are strong capacity and well-known traditional production. Produced since 

nylon-6,6 was discovered in the late 1930s and was then associated with the production of 

adipic acid. The above could also be placed under threats, as the climatic effects of nitrous 

oxide (N2O) produced by the process are great (Aryapratama, 2017). Opportunities for the 

development or mitigation of old technologies. Like, the opportunity to develop chemical 

routes; by main oxidation of nitric acid catalyzed KA oil (cyclohexanol, C6H12O) and cyclo-

hexanone. Understanding the need for development to reduce emissions from traditional 

production or to completely replace fossil-based adipic acid production with bio-based tech-

nology, for which promising research has already been done. The biggest threat is benzene, 

OPPORTUNITIES THREATS 

STRENGTHS WEAKNESSES 
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which is known to cause cancer and has toxic effects on humans (Irvine, 2015). Traditional 

fossil-based production is known to be a source of greenhouse gas emissions. It has been 

reported that 2.85 million tonnes of adipic acid are produced from petrochemical sources 

and the depletion of crude oil is expected to end one day. Weaknesses and threats of fossil-

based SWOT analysis show greater disadvantages than comparable strengths and opportu-

nities.  

 

 

 

Figure 30. SWOT analysis of fossil-based adipic acid production (Nina Heiniö, 2020).

  

 

STRENGTHS WEAKNESSES 

OPPORTUNITIES THREATS 
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11 CONCLUSIONS 

 

In this master thesis no experimental laboratory experiments were performed. The back-

ground study was conducted based on scientific texts. A compact package was made from 

the technologies of fossil-based and bio-based adipic acid. This work is a literary work. 

The manufacture of nylon is an industrial application for adipic acid. The industry still needs 

very pure adipic acid (almost 100%) which is needed for polymer synthesis. Globally de-

mand to manufacture adipic acid along other value-added chemicals with bio-based pro-

cesses and sustainable has increased. This is a significant consideration. The production of 

adipic acid by biological pathways has received much attention. The theoretical study in 

Chapter 5 provided a good understanding of the chemical pathways available to produce 

adipic acid. The final conclusions mention a few significant one’s routes.  The muconic acid 

is extensively investigated and there are two main manufacturing routes. The first process is 

the synthesis of muonic acid from glucose, and it is aromatically metabolized to muconic 

acid. The second process is significant because lignin is the main source of natural aromatic 

substances. Lignin accounts for almost 40% of biomass and lignin has been found to be a 

good source of renewable aromatic chemicals. 

Theoretical research also reveals that a very promising and significant route has been devel-

oped for adipic acid that could be utilized in industrial production. The use of the CBP sys-

tem in adipic acid production is special in that  carbon source is not food, but waste product. 

The advantages of lignocellulosic biomass are that it can be obtained for production at a low 

starting price, which could potentially further reduce the cost of production of adipic acid 

and increase its economical comparativeness over other production alternatives which is 

making it more economically competitive. Combined bioprocessing (CBP) is a biological 

process in which the process takes place by converting lignocellulosic biomass into the de-

sired products. A promising one-step process without pretreatment and the second step of 

the process is the addition of enzymes to the hydrolysis of lignocellulosic biomass into sol-

uble sugars. This and many other adipic acid pathways have shown that good methods are 

available that are worthwhile for future use and replace fossil-based production. 
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The theoretical part of Chapter 4 gave a good idea of the available forest logging that we 

could utilize in the production of adipic acid. In Finland alone, 386,000 cubic meters of 

energy wood were harvested for industrial use. Of this amount, 164,000 cubic meters were 

pruned trunks and whole wood. The statistics are from 2018. Europe and the world ac-

counted for 3.890863 cubic meters of raw wood, 51% of the total. Softwood and hardwood 

were also included in the researched material. The research also reveals that after 80% thin-

ning, forest residues are still left at the bottom of forests and remain unused, but it indicates 

the availability of forest residues to be used to produce adipic acid.  

Theoretical research also reveals a SWOT analysis whose result speaks in favor of producing 

bio-based adipic acid. The purpose of biorefineries is to produce low-emission products. The 

traditional production route generates nitric oxide (N2O) and its impact on the atmosphere is 

almost three hundred times stronger than that of (CO2) carbon dioxide. For this reason, re-

placing traditional fossil-based production with a bio-based technologist is almost necessary. 

Crude oil is projected to run out and benzene is available from oil. The use in traditional 

mass production should be replaced by forest residues from processed lignin and lignocel-

lulose. The advantages of bio-based technology are that cleaner production of sodium boro-

hydride and lower use of NaBH4 in the production of adipic acid can be achieved. Forest 

residues are a usable natural resource, it is great an advantage. At the moment, high-quality 

product development is already available with the help of top experts. New chemical path-

ways to produce adipic acid have been researched and developed. More research is certainly 

needed and the use of other raw materials in the production of adipic acid will play a signif-

icant role in the future in producing alternative routes in the production of adipic acid. 
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