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Note about this lecture presentation
Because of the COVID-19 pandemic, this lecture had to be reorganized for remote-

teaching.

The presentation slides were modified accordingly so that they are as self-

explanatory as possible.

The presence of this icon on a slide refers to an additional online resource

that you can read or watch in order to expand your knowledge on the topic and

understand better the content.

I also included some text in the notes part to clarify more the slide content.

If you still have questions, please send me an email: chamseddine.guizani@aalto.fi
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Outline 

1. Lignin sources, types, availability and possible products

2. Commercial applications

3. Applications under R&D

 

 

After a brief reminder of the lignin sources, available quantities and possible products, we will review the 

main lignin applications that are on a commercial level. Afterwards, we will review some of the promising 

applications which are still under R&D. 
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1. Lignin sources, types, 

availability and possible products
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• Lignins are constituents of plant cell-walls.

• “Glue” between the cells

• Strong evidence of covalent bonds with the carbohydrates

More on LCCs: Nishimura et al (2018) Sci Rep. 

Where can we find lignins?

Cell wall

Middle lamella

 

 

Along with cellulose and hemicelluloses, lignin is a constituent of plant cell-walls. Lignin, which stems from 

the Latin word “lignum” (wood) is the glue between the cells. There is strong evidence of the existence of 

covalent bonds between the lignin and the carbohydrates forming the cell walls. Follow the link in the slide 

for more information. 
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Lignin structure

Lignin Polymer Model for Softwood

Source: Ralph, J. et al. Handbook of Plant Science, 2, 1123-
1132, 2007

More on lignin structure using NMR

 

 

While cellulose and hemicelluloses are polysaccharides, lignin is an amorphic polyphenol formed in plant 

secondary metabolism in the presence of carbohydrates. For more information on the lignin structural units, 

follow the link given in the slide.  

 
 

  



Slide 7 

 

Component Woody feedstock Nonwoody feedstock

Cellulose 40-45 30-45

Hemicelluloses 25-35 20-35

Lignin 20-30 10-25

Extractives 2-5 5-15

Proteins < 0.5 5-10

Inorganics 0.1-1 0.5-10

SiO2 <0.1 0.5-7

Typical composition of woody and non-woody feedstocks used for pulping (wt.% d.b)

Source: Stenius, P, Gullichsen, J & Paulapuro, H (eds) 2000, Papermaking Science and 

Technology, Book 3.Forest Products Chemistry. Fapet Oy, Jyväskylä.

Lignin content in lignocelluloses

 

 

Lignocellulosic biomass (or simply biomass) refers to inedible plant materials made up primarily of 

cellulose, hemicelluloses, and lignin. It represents the vast bulk of plant material. It includes: agricultural 

waste, such as straw, corn stover (leaves and stalks after harvest), corn cob (the hard cylindrical core that 

bears the kernels of an ear of corn), bagasse (dry dusty pulp that remains after juice is extracted from sugar 

cane), molasses (thick, dark syrup from the processing of sugar cane or sugar beet); 

forestry wastes, such as wood chips; a fraction of municipal and industrial (paper) wastes; fast-growing 

energy crops, such as miscanthus, switchgrass, short-rotation poplar or willow coppice. 
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Average chemical composition of Scots pine and Silver birch

Source: Stenius, P, Gullichsen, J & Paulapuro, H (eds) 2000, Papermaking Science and 

Technology, Book 3.Forest Products Chemistry. Fapet Oy, Jyväskylä.

40 40

27,5 32,5

27,5 22,5

5 5

Pine Birch

Cellulose Hemicelluloces Lignin Extractives

 

 

The lignin contents and structure differ between softwoods and hardwoods 
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QUIZ: Does this biomass contain lignin? 

• Softwoods: evergreen trees with needles

• Hardwoods: broad-leafed trees that shed their leaves at the

end of each growing season

• Bark–different structure –sponglike –irregular pattern.

Bark contain more resin and more ash than wood

• Agricultural residues

• Grasses

• Animal residues: Manure

• Charcoal: made by heating the wood in the absence of air

 

 

Test your knowledge on where you could find lignin. 
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How much lignin is available ?
• 50 million tons of extracted lignin in

Pupl and & Paper industry (2004).

• Limited markets and focus on low

value products: dispersing or

binding agents.

• ~ 2% used commercially with the

remainder burned as a low value

fuel.

Source: Gosselink RJA et al (2004) Coordination network for lignin-standardisation, production

and applications adapted to market requirements (EUROLIGNIN). Ind Crops Prod 20:121–129

1 0,1

49

~ 50 M TONS/YEAR

Lignosulfonates products

Kraft lignins products

Burned as fuel

 

 

In 2004, the pulp and paper industry alone produced 50 million tons of extracted lignin, yet the existing 

markets for lignin products remain limited and focus on low value products such as dispersing or binding 

agents. As a result, only approximately 2% of the lignins available from the pulp and paper industry are 

used commercially with the remainder burned as a low value fuel. 

Nevertheless, lignin conversion has significant potential as a source for the sustainable production of fuels 

and bulk chemicals. With its unique structure and chemical properties, a wide variety of bulk and fine 

chemicals, particularly aromatic compounds, as well as fuels are potentially obtainable from lignin. Indeed, 

lignin can be regarded as the major aromatic resource of the bio-based economy. 
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Sources of lignin, types of lignin potentially produced in industry and examples of intermediate and 

end products as identified in the LigniMatch project

product routes in commercial markets today

routes of most interest to develop further

Sources, types and possible products
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2. Commercial applications
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Lignin as a solid 

biofuel
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Lignin as a solid biofuel

Source: Per Tomani et al (2011) LignoBoost Kraft Lignin, a New Renewable Fuel and a Valuable Fuel 

Additive. International bioenergy and bioproducts confrence, 11-14 March 2011, Atlanta GA USA. 

High heating value: HHV=26-27 MJ/kg

Fuel properties Lignin Coal Wood chips Bark pellets

Moisture, wt.% 30-40 9 50 10.3

Ash, wt.% 0.02-1 11.7 2-3 3-6

HHV, MJ/kg d.b 26-27 29.8 20 21

LHV, MJ/kg d.b 17-19 25.9 7.7 17.7

Sulphur, wt.% d.b 2-3 0.4 0.05 0.04

Chloride, wt.% 0.01 0.04 0.03 0.02

Bulk density, kg/m3 630-720 d.b 800 200-300 550-700

LignoBoost Kraft lignin fuel characteristics with comparison to 

coal, wood chips and bark pellets

More on lignoboost process

and use of lignin as a biofuel

 

 

The following paragraph is adapated from: Kuparinen, K., and Vakkilainen, E. (2017). "Green pulp mill: 

Renewable alternatives to fossil fuels in lime kiln operations," BioRes. 12(2), 4031-4048. 

 

Precipitation of lignin from black liquor is based on the decreased solubility of lignin when the pH is 

lowered. In the LignoBoost process, CO2 with H2SO4 are used in a two-step process to lower the pH 

(Tomani 2010; Gellerstedt et al. 2012). CO2 can be either purchased or separated from the lime kiln or 

recovery boiler flue gases. Using lime kiln flue gas as a source of CO2 decreases the chemical cost by 20% to 

25%. Precipitated lignin is a hydrophobic filter cake with 30% to 40% moisture content (Tomani et al. 2011), 

and it can be dried further and pulverized before utilization. Lignin includes free sodium and sulfur, which 

may cause ringing in the lime kiln. Sulfur content after the LignoBoost process is approximately 2% to 3%, 

and its sodium content can be decreased by washing to a level acceptable for lime kiln use (Gellerstedt et al. 

2012). Standard burner and feeding equipment can be used for lignin combustion in lime kilns. No notable 

adverse effects to lime kiln operation nor to emission levels were detected in trials conducted in a Swedish 

kraft pulp mill (Tomani et al. 2011). 
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Lignin as a solid biofuel

• Kraft lignin pellets (100%) & additive (1-10%) in fuel pellets

Adding lignin to wood pellets increases their mechanical durability

and their lengths

Berghel J et al (2013) The effects of kraft lignin additives on wood fuel pellet quality,

energy use and shelf life. Fuel Process Technol 112:64–69.

Kuparinen K, et al (2017) Green pulp mill: Renewable alternatives to fossil fuels in

lime kiln operations. BioResources 12:4031–4048.

• Fuel oil and coal replacement:

Lime kiln fuel (P&P mill): CaCO3+heat (from lignin

combustion)→CaO+CO2

Power plants: Co-firing with bio-fuels or coal
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Lignin as 

substitute to 

phenol in phenol-

formaldehyde 

resins
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Lignin as substitute to phenol in PF resins
• Phenol–formaldehyde (PF) production ~ 3.0 Mt in 2009

• Market valued at $2.3 billion, with an average annual

growth of 3.9% from 2009 to 2013.

• PF resins are the catalyzed polycondensation products

from phenol and formaldehyde

More on PF resins synthesis

 

 

Thermosetting resins are obtained by reacting phenol C6H5OH and formaldehyde CH2O. 

Formaldehyde forms −CH2− bridges between two phenol molecules, producing chains. 

Linear chains are obtained when the reaction ratio is 1:1. Phenol, however, may also react 

with a third formaldehyde molecule. Whenever this happens, a branch is formed in the 

chain.  

Phenol-formaldehyde resin was one of the earliest marketed synthetic polymers, with trade-

name Bakelite. It has long been used as an insulator for switches and other electric devices. 

It has an unpleasant dark color, due to the presence of phenol groups. By secondary 

reactions, these happen sometimes to bind directly, without −CH2− bridges, forming 

condensed aromatic rings, that are black in color and are responsible for darkening of many 

products, such as rotting fruit or white cloth yellowed by time. Phenol resin usage is 

declining nowadays, because of competition with modern plastics. The small production still 

present is mainly of cheap, low quality items, for instance pieces for games. For such 

applications one has to tolerate the dark, uneven color. 

The most important application of phenol-formaldehyde resin is production of composite 

boards, such as plastic laminate. The boards are constituted of a relatively incoherent 

material, pasted by a phenol resin acting as a glue. Various materials can be used: wood 

chips, paper, cloth, sand, fiberglass. The phenol resin can make up just a small fraction of 

total, down to 10%. Composite boards are used mostly for workbench tops, but may also have 

higher prized usages: floors, doors, parts of machines, printed circuit boards.   
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Lignin as substitute to phenol in PF resins
• After curing, PF resins provide great adhesive strength, high mechanical

strength, excellent thermal stability, low initial viscosity, and great moisture

resistance.

• Used as coating, molding materials, wood adhesives for the production of

engineered wood products, e.g., plywood, oriented strand board (OSB), and

particleboard, waferboard, headboard, laminated veneer lumber, etc.
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Lignin as substitute to phenol in PF resins

*

QUIZ:  Why lignin could be an interesting substitute to phenol in the 

synthesis of lignin-phenol-formaldehyde resins ?

Phenol

Lignin
 

 

Lignin has a phenolic structure which makes it a good candidate for the replacement of phenol in the 

synthesis of PF resins 
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Lignin as substitute to phenol in PF resins
The synthesis of lignin-phenol-formaldehyde (LPF) resins occurs through electrophilic

substitution of formaldehyde at a free ortho position of the phenolic hydroxyl group of lignin.

*

QUIZ: 

Which of the lignin phenolic moieties is the most reactive, H, G or S ?

Which wood would you select as lignin source, soft or hardwood? 

C

OH

R
1

R
2



C C C
1

23

4

5 6

  

R
1
 = H         R

2
 = H 

R
1
 = H         R

2
 = OCH

3
 

R
1
 = OCH

3
   R

2
 = OCH

3
    

 :    H

 :    G      

 :    S

 
Softwoods / HardwoodsLignin moieties types  

 

The G and p-H type units have reactive sites (ortho to the phenolic hydroxyl) towards formaldehyde. While 

in the S-type unit, both positions C3 and C5 are occupied by methoxy group and hence are less reactive 

compared with G-type and p-H type units. Softwood lignin normally contains more G units than lignins 

from hardwood and agricultural residues, which makes softwood lignin a better candidate for the synthesis 

of LPF resins. 
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Lignin as substitute to phenol in PF resins
• Problems related to lignin reactivity:

• Lignin has a much lower reactivity than phenol in reaction with
formaldehyde because of a larger molecular structure (high molecular
weight) and less reactive sites.

• Need higher reaction temperatures and longer reaction time in the LPF
synthesis.

• Solutions to make lignin more reactive:

• Chemical modification: methylolation and phenolation of lignin

• Thermochemical treatment: pyrolysis and depolymerization
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Lignin as substitute to phenol in PF resins

Danielson et al (1998) Kraft lignin in phenol formaldehyde resin. Part 1. Partial replacement

of phenol by kraft lignin in phenol formaldehyde adhesives for plywood. J Adhes Sci Technol

12:923–939.

Example: Use of Kraft lignin in LPF resins for

plywood application

20-80 wt.% phenol replacement by KL for LPF

synthesis and application as adhesive in plywood.

Bonding ability of KLPF resin at different additions 

Shear strength for LPF adhesives in plywood with a KL content in the range of 20–60 wt.%

are comparable or even better than that of the neat PF resin.

 

 

Danielson et al. integrated an original kraft lignin (KL) into PF resin by blending 

with different lignin contents (at 20–80 wt% phenol substitution ratios). The 

bonding ability of the LPF resins for plywood samples was measured, and the 

shear strength of plywood samples bonded with LPF adhesives with various 

contents of KL is illustrated in the figure on the right-hand side of the slide. As 

clearly shown in the Figure, the values of shear strength for LPF adhesives with 

a KL content in the range of 20–60 wt% are comparable or even better than that 

of the neat PF resin. However, at a higher phenol replacement level (80 wt%), the 

synthesized LPF resin was found to be brittle and of a much low shear strength. 

Follow the hyperlink for more details on the paper. 
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Lignin as substitute to phenol in PF resins

Siddiqui H (2013) Production of lignin-based phenolic resin using de-polymerized kraft 

lignin and process optimization. M.Sc. thesis, The University of Western Ontario

Example: LPF resins from depolymerized Kraft lignin (DKF) with application as

adhesive in plywood

Shear strength of plywood samples bonded with LPF adhesives from DKL 

at various phenol substitution ratios (25 and 75%),

 

 

A comprehensive study was conducted by Siddiqui on the synthesis of LPF resins 

using depolymerized kraft lignin (DKL) at high phenol substitution levels up to 

75%. The synthesis parameters including phenol substitution ratio (X1: 25, 50, 

and 75 wt%), the average molecular weight (Mw) of DKL (X2: 800, 1200, and 1700 

g/mol), and formaldehyde/phenol (F:P) (including phenol and DKL) molar ratio 

(X3: 1.2, 2.1, and 3) were optimized using Box–Behnken Design (BBD) to minimize 

curing temperature and maximize adhesive strength of the prepared LPF resins. 

The LPF resins were prepared using a two-step process: (1) DKL, phenol, NaOH 

solution, and methanol reacted at 60 °C for 2 h, and (2) formalin (37 vol.% 

formaldehyde water solution) was added drop-wise and reacted at 80 °C for 2 h. 

The results indicated that viscosity of the prepared LPF resins increased by 

increasing the Mw of DKL and the phenol substitution levels. The F:P molar ratio 

showed an inverse effect on the physical properties of the synthesized LPF resins, 

such as viscosity, pH, and nonvolatile contents (NOC), while a positive effect was 

attained for the F:P ratio on the curing reaction rate and crosslink density. 

Additionally, all LPF resins even with a high phenol substitution ratio (up to 75 

wt%) met the minimum bonding strength 2.5 MPa for plywood applications, as 

illustrated in the figure showed in the slide. Follow the link for more information. 
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Lignin in 

thermoplastics
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Lignin in thermoplastics
Arboform® bioplastic (liquid wood)

•A lignin based thermoplastic;

•Pelletized mixture of lignin (up to 50%), fine fibers of 
wood, hemp or flax, and wax;

•Liquifies at temperatures as low as 170 C

Other polymers: PP ~160 C, PE~105-120 C, PS~240 C;

•Thermally stable up to 105 C;

•Can be injection molded similar to conventional plastic; Illustration of the molding 

process (put on full screen mode 

to see the animation)

 

 

ARBOFORM® IS LIQUID WOOD 

ARBOFORM® is made from 100% renewable raw materials and is biodegradable. 

Mixing lignin with natural fibres (flax, hemp or other fibre plants) and natural additives produces a fibre 

composite that can be processed at raised temperatures and pressure and made into mouldings on plastic 

injection moulding machines. 
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Lignin in thermoplastics
Arboform® bioplastic (liquid wood)

1996 1998 2002 2010

Development in 

Fraunhofer by Nägele

and Pfitzer

Tecnaro Spin-

off

300 tonnes

$5.5/kg

received the European 

Inventor Award

More on Tecnaro and Arboform
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Commercial uses of 

lignosulfonates
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Lignosulfonates
• Lignosulfonates, or sulfonated lignin are water-soluble anionic

polyelectrolyte polymers produced during sulfite pulping.

• Sulfite pulping: extraction of lignin wood chips using

various salts of sulfurous acid in large pressure vessels called digesters.

• Salts: either sulfites (SO3
2−), or bisulfites (HSO3

−), depending on the pH, with

counter ions: Na+,Ca2+, K+, Mg2+, NH4
+.

• 1000 kg of pulp produces 330-540 kg of lignosulfonates

More on sulfite pulping

 

 

The sulfite process produces wood pulp which is almost pure cellulose fibers by using 

various salts of sulfurous acid to extract the lignin from wood chips in large pressure vessels called 

digesters. The salts used in the pulping process are either sulfites (SO3
2−), or bisulfites (HSO3

−), depending 

on the pH. The counter ion can be sodium (Na+), calcium (Ca2+), potassium (K+), magnesium (Mg2+) 

or ammonium (NH4
+). 

 

 

 
 

  



Slide 29 

 

Lignosulfonate is a lypohydrophilic

molecule:

• hydrophobic aromatic structure

• hydrophilic sulfonate groups
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Lignosulfonates

Aqueous phase size exclusion chromatogram of commercial Na-LS. 

Sulfonated polystyrene calibrants. UV detection at 280 nm.

LS are very 

polydisperse: 

broad range of 

Mw for the LS 

molecules 

Illustration of size exclusion 

chromatography separation

 

 

Lignosulfonate have very broad ranges of molecular mass (they are very polydisperse). A range of from 

1000–140,000 Da has been reported for softwood lignosulfonates with lower values reported for hardwoods. 

 

 
 

  



Slide 32 

 

Lignosulfonates
Various usage of LS:

• Plasticizers for concrete (largest use)

• Dispersant of insoluble solids and liquids into water 

• Chemical dyes

• Emulsifier

• Chelating agent

• Food additives

• Vanillin (Borregaard, Norway)

• Dimethyl sulfide and dimethyl sulfoxide (an important organic solvent)

World revenue generated from lignosulfonates estimated at 490-550 M $

 

 

• Plasticizers for concrete (largest use) 

The single largest use for lignosulfonates is as plasticizers in making concrete, where they allow concrete to 

be made with less water (giving stronger concrete) while maintaining the ability of the concrete to flow. 

Lignosulfonates are also used during the production of cement, where they act as grinding aids in 

the cement mill and as a rawmix slurry deflocculant (that reduces the viscosity of the slurry). 

• Dispersant of insoluble solids and liquids into water (pesticides, dyes, carbon black, and other) 

• Chemical dyes: tanning leather 

• Emulsifier 

• Chelating agent 

• Food additives 

• Vanillin (oxidative depolymerization)  

The sole producer of wood-based vanillin is the company Borregaard located in Sarpsborg, Norway. 

Wood-based vanillin is produced by copper-catalyzed oxidation of the lignin structures 

in lignosulfonates under alkaline conditions 

 

• Dimethyl sulfide and dimethyl sulfoxide (an important organic solvent) 

The first step involves heating lignosulfonates with sulfides or elemental sulfur to produce dimethyl sulfide. 

The methyl groups come from methyl ethers present in the lignin. Oxidation of dimethyl sulfide 

with nitrogen dioxide produces dimethyl sulfoxide (DMSO).  
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LS to vanillin through alkaline catalytic 

oxidative depolymerization of LS 

To learn more about LS depolymerization for vanillin production

• Temperature: 170-200 °C

• pH>7

• Cooper catalyst

• Under pressurized O2

More on Borregard company
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LS as dispersants

Lignosulfonate is a lypohydrophilic molecule:

• hydrophobic aromatic structure;

• hydrophilic sulfonate groups.

A unique structure that makes it an effective dispersant or

surfactant used in a wide range of industries:

• oil well dispersant;

• coal–water slurry dispersant;

• dye dispersion;

• ceramic colloidal processing;

• polymer composites.

 

 

Lignosulfonate is a common thinner or surfactant in the oil drilling industry by reducing electrochemical 

attraction forces between bentonite clay particles and the deflocculated clay platelets. In addition, 

lignosulfonate can improve the solubility of oil in water emulsions, hence reducing the required energy to 

rotate the drill stem and increasing the drill bit life. Several studies have demonstrated the combination of 

petroleum-based sulfonate and lignosulfonate as inexpensive but effective surfactants in oil recovery. 
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LS as dispersants in Coal–water slurry

Yang D, Qiu X, Zhou M, Lou H (2007) Properties of sodium lignosulfonate as dispersant of coal

water slurry. Energy Convers Manag 48:2433–2438. doi:10.1016/j.enconman.2007. 04.007

Effect of SL concentration on the 

viscosity of CWS

 

 

 

A typical coal–water slurry (CWS) contains 60–75% coal, 25–40% water, and around 1% chemical 

dispersants. CWS is generally burned to generate energy, so it is more economical that a CWS has a high 

coal solid content and a low viscosity. Therefore, the presence of dispersant could be critical to control the 

viscosity, the flow, and sedimentation properties of CWS.  

 

In order to use lignosulfonates as an effective dispersant of coal water slurry, the authors prepared five 

purified sodium lignosulfonate (SL) samples with different molecular weights by fractionation using 

ultrafiltration and dialysis. The effect of SL on the apparent viscosity of coal water slurry (CWS) was 

investigated. The adsorption behavior of the SL on the coal water interface has much greater effect on the 

viscosity of coal water slurry. The higher adsorption amount and compact adsorption film of SL on the coal 

surface help reduce the viscosity of CWS, and the zeta potential is also an important factor, which is 

influenced by the sulfonic and carboxyl group contents of the lignosulfonate molecule. Furthermore, the SL 

with its molecular weight ranging from 10,000 to 30,000 has both a higher adsorbed amount and zeta 

potential on the coal surface and the best effect on reducing the viscosity of the coal water slurry. Please 

follow the link to know more about this study.  
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LS as dispersants in concrete formation

Ouyang X, et al (2006) Physicochemical characterization of calcium lignosulfonate-A 

potentially useful water reducer. Colloids Surfaces A Physicochem Eng Asp 282–283:489–497. 

• Concrete is formed by mixing water,

cement, sand and stone;

• Strength of concrete is inversely

proportional to the water-cement (w/c)

ratio;

• Lignosulfonates reduce the amount of

water needed, making concrete

stronger while maintaining good

flowability and workability.

• Mw, polydispersity, sulfonation degree

affect the mixture and concrete

properties.

Electrostatic repulsion: a schematic 

representative of two cement particles 

adsorbed with water reducer molecules.

 

 

In the concrete technology, plasticizers and superplasticizers are also called high range water reducers. 

When added to concrete mixtures, they confer a number of properties including improve workability and 

strength. Unless the mix is "starved" of water, the strength of concrete is inversely proportional to the 

amount of water added, i.e., the water-cement (w/c) ratio. In order to produce stronger concrete, less water 

is added (without "starving" the mix), which makes the concrete mixture less workable and difficult to mix, 

necessitating the use of plasticizers, water reducers, superplasticizers, or dispersants. 

 

The flow behavior is mostly controlled by the dispersion of cement particles, while the mechanical strength 

is determined by the ratio of water to cement during the concrete preparation. Water reducers are such a 

substance that increases fluidity of concrete without adding additional water or reduces the water content 

and hence water to cement ratio (in order to increase concrete strength) for a given fluidity. 

 

Water reducer interactions with cement particles lead to the adsorption of water reducer molecules on the 

cement particle surfaces. Together with the steric hindrance, the electrical charge repulsion of adsorbed 

water reducer molecules can prevent flocculation of cement particles, promoting their homogeneous 

dispersion in freshly prepared concrete. High quality concrete cannot be made without using a water 

reducer. Water reducers are known as the fifth component of concrete, besides cement, sand, stone and 

water 

 

An example of application LS as dispersants in concrete formation is given in this slide. Please follow the 

link for more details about the research work. 
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3. Applications under R&D

 

 

We review in this section some of the potential applications of lignins that are not yet on a commercial level. 
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Three alternative uses of lignin. Please read through the table to understand more about the lignin 

availability, the potential market, the energy demand, environmental impact and costs when lignin is used 

in the described three alternative applications. 
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Lignin pyrolysis 

 

 

Fast pyrolysis is a thermal treatment used for the conversion of lignin to bio-oils containing bio-phenols for 

the synthesis of adhesives, resins, and polymers.  
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Lignin pyrolysis
Pyrolysis: pyro "fire" and lysis "separating". Thermal degradation under

inert atmosphere.

400-500ºC

Inert atmosphere

Biooil: phenol rich “soup”

Phenols, resins

Carbon residue or “char”

High C content >90.wt%

Advanced carbon materials

Permeant gases: 

CO, CO2, H2, CH4…

Energy recovery 

 

 

 

Fast pyrolysis is conducted at temperatures in the range of 400-500ºC for short residence time (seconds), to 

produce mainly a liquid fraction (biooil) that can be used as a fuels or for chemicals. 
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Lignin pyrolysis

Lignin pyrolysis can be simplified to a 2 steps mechanism:

1. Production of free radical fragments via the cleavage of covalent bonds

• cleavage of ether bonds occurs to depolymerize lignin

• side chains cleave from the monolignols via the hemolytic
cleavages of O–CH3

2. Combination of free radical to form pyrolysis products

 

 

In pyrolysis of lignin, it is generally believed that first the cleavage of ether bonds occurs to depolymerize 

lignin. Subsequently, the side chains cleave from the monolignols via the hemolytic cleavages of O–CH3 and 

radical-induced rearrangements.  
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Lignin pyrolysis
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Bridgwater AV (2012) Review of fast pyrolysis of biomass and product upgrading. Biomass

Bioenergy 38:68–94.

Lignin pyrolysis products distribution (T~450ºC)

Influenced by:

• Heating rate

• Final temperature

• Lignin botanic origin

• Separation technique

• Catalysts

 

 

The fast pyrolysis process is the most appropriate in order to maximize the liquid fraction. 
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Lignin pyrolysis

Custodis VBF, Bährle C, Vogel F, van Bokhoven JA (2015) Phenols and aromatics from fast

pyrolysis of variously prepared lignins from hard- and softwoods. J Anal Appl Pyrol 115:214–223

Influenced by:

• Heating rate

• Final temperature

• Lignin botanic origin

• Separation technique

• Catalyst

Char         Biooil Gases

Hardwood/OrganosolvSoftwood/Organosolv

 

 

The pyrolysis product distribution depends on the final temperature and on the lignin botanical origin. 
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Lignin pyrolysis
Influenced by:

• Heating rate

• Final temperature

• Lignin botanic origin

• Separation technique

• Catalyst

Char         Biooil Gases

Softwood/Organosolv

Softwood/Dioxane

Custodis VBF, Bährle C, Vogel F, van Bokhoven JA (2015) Phenols and aromatics from fast

pyrolysis of variously prepared lignins from hard- and softwoods. J Anal Appl Pyrol 115:214–223  

 

The fractionation technique applied to separate the lignin from the wood lignocellulosic matrix has an impact 

on the pyrolysis product distribution. 
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Lignin pyrolysis

Ma Z, Troussard E, van Bokhoven JA (2012) Controlling the selectivity to chemicals from

lignin via catalytic fast pyrolysis. Appl Catal A Gen 423–424:130–136

Influenced by:

• Heating rate

• Final temperature

• Lignin botanic origin

• Separation technique

• Catalysts

 

 

In the study of Ma et al., the catalytic fast pyrolysis of alkaline lignin to useful chemicals was investigated 

using zeolite catalysts with different acidity and pore size. The highest yield of liquid (75 wt.%) was obtained 

over H-USY, which had the largest pore size and lowest Si/Al ratio, thus the largest number of acid sites 

among all the catalyst tested; the carbon yield of aromatic hydrocarbons was around 40 wt.% at 650 °C. 

Depolymerized lignin products undergo consecutive reaction to form phenol alkoxy, phenols, and eventually 

aromatic hydrocarbons. 
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Lignin pyrolysis

Ensyn’s patented RTP® fast pyrolysis technology based on 

fluidized bed reactors (click on the icon to watch the video)

Fluidized bed reactor technology Two major challenges for

extension to lignin feedstock :

1. feeding (low melting points

organosolv and kraft lignins)

2. formation of lignin-foams and

agglomeration of bed

materials (defluidization)

Technological breakthrough are

expected to trigger the

commercial development of lignin

pyrolysis.

 

 

Pyrolysis technology is the only industrially realized technology for liquefaction of lignocellulosic biomass. 

Some representative industrial pyrolysis processes include Ensyn’s patented RTP® technology and BTG 

(Biomass Technology Group)’s fast pyrolysis technology, both based on fluidized bed reactors, as well as the 

ABRI-Tech’s patented pyrolysis based on augers reactor. It is estimated that 10– 15% of the total capital cost 

of an industrial pyrolysis process allocated to the reactor. 

Various types of reactor have been used for lignin pyrolysis, such as bubbling fluidized beds, rotating cone 

reactors, fixed bed reactor, centrifuge reactors, and circulating fluid beds. 

 

http://www.ensyn.com/technology.html 
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Lignin based 

carbons materials
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Physical activation

Chemical activation

Activated carbons from lignin

Lignin powder

Carbonization

600-900 ºC in 
inert 

atmosphere

Physical 
activation using 

H2O/CO2

T>900 ºC 

Lignin-based 
activated 

carbon

Lignin powder

Impregnation 
with activation 
chemicals KOH, 
NaOH, H3PO4

Carbonization/a
ctivation

450-900 ºC in 
inert 

atmosphere

Lignin-based 
activated 

carbon
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Activated carbons from lignin
Properties

• High surface area > 1000 m2/g

• Possible to tailor the pore size distribution

• Surface chemistry: oxygenated functional groups

Source: Hayashi J et al (2000) Preparation of activated carbon from lignin by

chemical activation. Carbon N Y 38:1873–1878. 
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Activated carbons from lignin
Applications

• Adsorbent for the removal of organic and

mineral pollutants in liquid phase

• High potential for gas capture and storage

(CO2, H2S, CH4)

• Electrodes in energy storage devices

• Carbocatalysis

*Zou Y, Han B-X (2001) Preparation of Activated Carbons from Chinese Coal and 

Hydrolysis Lignin. Adsorpt Sci Technol 19:59–72

*Methylene Blue adsorption capacity and 

AC yield as a function of the activation 

(KOH activation).
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Adsorption of pollutants from water
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Electrodes in energy storage devices
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Carbocatalysis

* Anna Lerada et al (2020). In preparation.

Use of lignin-based carbons as catalysts in chemical reactions.

Thanks to the oxygenated functional groups (mainly quinone groups) on the lignin-

based activated carbon, this later acts as a catalyst for the oxidative homocoupling

of 2-phenyl indole as well as for the dehydrogenation of tetrahydroquinoline

 

 

This study is made in collaboration between Aalto Univ (Pr. Hummel group) and 

Helsinki University (Pr. Helaja group).  
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Carbocatalysis

* Anna Lerada et al (2020). In preparation.

Lignin 
activation 
with KOH

(KOH/ligni
n=1-3)

Slow 
pyrolysis

700-900ºC

Neutralizat
ion of the 
Carbon 

with HCl

Carbon 
oxidation 

with HNO3

Catalytic 
tests in 

reaction (a) 
and (b)

Lignin based carbocatalyst preparation
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Carbocatalysis

* Anna Lerada et al (2020). In preparation.  

 

For both reactions, the reaction yields reached more than 60 % for some particular conditions (KOH/lignin 

and temperature). The results were better than for commercial activated carbons. 
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Lignin for textile 

applications
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End Product FabricYarnFiberPulpWoodForest

Wood based textile chain
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impurities

dope

Spinning 

equipment
IL + water

Cellulose 

fibers

Fresh  IL Ioncell-F

IL

impurities

IL recycling

Pre-

treatment

Washing
water

Pulp
The Ioncell® processCellulose pulp

More on Ioncell process  

 

Please follow the link to understand more how we can produce textile fibers from wood pulp 
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Renewable wood

Closed-loop process:

water and chemicals recycled, 

no emissions

Recyclable textiles

IONCELL
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During the 2018 independence day reception

Jenni Haukio dress made from Ioncell fibers
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What about adding lignin?

Cellulose pulp + lignin Ionic Liquid 

(IL)

Cellulose+ 

lignin dissolved 

in IL

Spinning of the Cellulose+ lignin 

/IL solution into cellulose-lignin 

fibers
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Cellulose-lignin fiber spinning
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Material Composition

Draw 

ratio

Titer 

(dtex)
Elongation (%)

Tenacity 

(cN/tex)

fiber
pulp+ 15 wt% lignin 12.4 1.69 10.35 40.56

yarn
pulp+ 15 wt% lignin 66.7 7.01 17.73

63

Yarns from lignin containing fibers

Ma et al. Green Chem. 2015 DOI: 10.1039/C5GC01679G
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Fabrics from lignin-containing yarns

• The yarns were knitted. The natural color of the

fibers were used to create patterns.

• Further, the fibers showed good dyeability,

allowing for the production of colorful garments

without any bleaching step.
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Lignin for carbon 

fibers
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Historical perspective

"Before I got through, I tested no fewer than 6,000
vegetable growths, and ransacked the world for the
most suitable filament material."

• 1880: Earliest known commercial use of carbon fibers

Carbonized cotton and bamboo fibers for incandescent lamp filaments. Soon replaced by

metals in early 1900’s

QUIZ: Guess who I am ?

• ~1960: practical commercial uses of carbon fibers such as reinforcement materials for

better strength and stiffness of structural products

• 1959: Rayon based carbon fibers

• 1962: PAN based carbon fibers

• 1963: Pitch-derived carbon fibers

 

 

The earliest known commercial use of carbon fibers was in the carbonization of cotton and bamboo fibers for 

incandescent lamp filaments. In 1879, Thomas Alva Edison, for the first time, used carbon fiber filaments 

(testing materials) in his early incandescent light bulb experiments, which used electricity to heat a thin 

strip of material, called a filament, until it glowed. Later, 

. 

Since the1960s, it became apparent that the carbon fibers, which contributed significantly to the strength 

and stiffness of structural products, could be developed for structural applications. 
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PAN

Pitch

Biobased

Precursors Example

Acrylic 

precursors

Polyacrylonitrile

Pitch 

precursor

Petroleum and coal-tar 

based pitch

Biobased 

precursors

Cellulose, lignin, 

chitine…

Precursors and applications

 

 

Recently, carbon fibers have attracted attention for their potential use as structural materials in aerospace, 

sports, cars, and bridges. Also, carbon fibers have been considered as the next-generation materials in the 

aerospace/aviation industry, which has presented a huge opportunity to the entire supply chain of carbon 

fiber. 

Carbon fibers can be made using different precursors, which can be fossil-based like PAN and Pitch, or 

biobased like cellulose, chitin and lignin. 

Up to now, the biobased fibers show lower mechanical properties compared to the PAN or Pitch based 

carbon fibers. Current R and D activities are focusing on enhancing the mechanical properties of the 

biobased carbon fibers so to make them realistic alternatives to the fossil-based ones. 
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Carbon fibers production process

Shaping the precursor to fibers (spinning) 

• Precursor fibers: Pitch, PAN, lignocellulose

Fiber stabilization (200-400ºC)

• Stabilized fibers

Carbonization/graphitization (500-2000ºC)

• Carbon fibers

Surface treatment/sizing treatment

• Treated carbon fibers

Click to watch a video about carbon fiber manufacturing

 

 

Carbon fibers are manufactured from synthetic fibers (precursor fibers) through heating and stretching 

treatments. The processing of carbon fibers from different precursors requires different conditions to obtain 

the satisfactory quality end products. The essential features are similar. The processing paths for various 

precursors are similar at the macrolevel. In addition, the precursor materials of the carbon fibers are 

important because the combination of various properties and behaviors (mechanical, physical, chemical) on 

the carbon fibers depends strongly on the starting precursor materials. 
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Characteristics of a carbon fiber

• Fiber form  5–10 µm

• High carbon content: C>92%

• Ordered carbon structure (depends

on the temperature)

• High thermal and chemical stability

• High tensile strength and stiffness

• Low density

5.5 µm

SEM image of an Ioncell 

biobased carbon fiber
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Lignin based carbon fibers

Lignin melt 
spinning

Fiber 
stabilization 
(200-400ºC)

Carbonization/g
raphitization 
(500-2000ºC)

Surface 
treatment/sizing 

treatment

Source: ORNL
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Source: ORNL  
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Source: ORNL
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Possible solutions to overcome the limitations with lignin: purify and 

control the lignin properties to produce carbon fibers with improved 

mechanical properties 

 

 

Please follow the link to read more about this interesting study. 
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What about cellulose as a precursor ?
Cellulose as a precursor:

• Oldest precursor: 1880

• Rayon fibers as precursor fibers: 1959

• Viscose fibers not ideal for carbon fibers

• Rise of PAN-based carbon fibers

• Lyocell fibers: 1992

 Drawbacks: lower carbon yield and mechanical 

properties compared to PAN-based CF

2 µm

2 µm

Viscose

Tencel
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Ioncell® based cellulose-lignin carbon fibers

+

Ioncell carbon fibers

Cellulose+ lignin
Ionic liquid Solution of 

lignocellulose in IL

Spinning

Cellulose-lignin 

fibers
Washing

Carbonization

 

 

The cellulose-lignin fibers produced using the Ioncell technology are further carbonized to produce cellulose-

lignin based carbon fiber 
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Ioncell® cellulose-lignin carbon fibers
Quiz: what is the maximum theoretical carbon yield that we can achieve with cellulose after 

pyrolysis ? 

Molar mass of AGU C6H10O5 g/mol 162

Mass of carbon / mol of AGU g/mol 72

Theoritical carbon yield if we
remove all H and O atoms wt.% 44.4

The sad reality of the
experimental carbon yield … wt.% 6.9
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Pulp 100%

(C6H10O5)n
Adding lignin improves the carbon 

fiber yield.  

 

 

Please do the calculation to check the theoretical carbon yield.  

AGU: anhydroglucose unit. 

Adding lignin improves the final carbon fiber yield.   
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Other promising 

lignin applications
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Lignin supracolloids for solid 

micro- and nano-particles

Lignin as spreading agent 

(crop bioprotection) and as 

environmentally-friendly 

carrier of metal NPs

Lig/PVA

5%

10%

15%

Lignin for the production of micro- and 

nano-fibers and precursors of CNF

L/SP:0:1 L/SP:4:1

Lignin for the production of 

aerogels: for sorbents, thermal & 

sound insulators,

drug delivery, etc

Fuel/Water Emulsions

Single-cylinder air-

cooled compression-

ignition engine

Combustion chamber

Lignin as stabilizer of fuel emulsions 

for low NOx and SOx generation

Lignin as polymeric surfactant: 

wet and solid foams and foam-

formed papers

for carriers, films, 

coatings, etc. 
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Freshly published from 

our department ! 

Unfortunately it is not 

the COVID-19 virus …

 

 

 

 


