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New opportunities and future
directions for higher-value
lignin applications

Christian Kugge1,* and Peter J. Deuss2,*
In this Activity article, Christian Kugge (R&D specialist at Svenska
Cellulosa Aktiebolaget) and Peter J. Deuss (tenure-track assistant
professor of green and smart biomass processing at the University
of Groningen) exchange views from industrial and academic per-
spectives, respectively, on the future research directions for lignin
valorization and the challenges associated with the production of
fuels from lignin.
1Svenska Cellulosa Aktiebolaget R&D Centre,
Sidsjövägen 2, 851 21 Sundsvall, Sweden

2Department of Chemical Engineering (ENTEG),
University of Groningen, Nijenborgh 4,
Groningen 9747 AG, the Netherlands
C.K. talks about new opportunities

and future directions for higher-

value lignin applications

Renewable carbon in the form of ined-

ible agricultural and woody biomass

residues consisting of lignocellulose

has a major part to play in the transition

away from fossil feedstocks. However,

its heterogeneous nature is just one of

the many challenges. In particular, the

lignin component has been renowned

for its recalcitrance and its modest

value. Because lignin is the most abun-

dant natural aromatic polymer, its con-

version to higher-value aromatic plat-

form chemicals and chemical products

is of great interest for a more competi-

tive biobased industrial sector. How-

ever, currently, in kraft wood pulping

processes (e.g., connected to paper

mills), the lignin leaves the process as

a component of the black liquor. Kraft

lignin is produced at 78 million metric

tons per year globally, and the main

application of this black liquor lignin

residue is as a fuel to provide heat and

renewable electricity. Furthermore, the

process itself could be improved by a

completely new set of chemicals. So

how do we move forward toward new

pulping strategies and generate more

value out of lignin?
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christian.kugge@sca.com (C.K.),
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Designing a new major process re-

quires a paradigm shift with an impor-
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tant outcome to find a process where

all components within the biomass are

utilized to the highest value for a future

circular and sustainable economy. His-

torically, researchers had the tendency

to focus on one component in biomass

(e.g., cellulose and the conversion to

ethanol) and not see the whole tree.

There is a need to valorize all woody

components significantly beyond heat

value in order to go commercial.

Today’s pulping process and industry

do valorize side streams such as crude

tall oil and crude sulfate turpentine.

The industry as a whole constantly

puts effort into creating a more and

more effective process, and a few

recent examples of this are the isolation

and purification of methanol, the con-

version of sour gases to sulfuric acid,

and the conversion of biosludge to bio-

carbon. Other current possibilities in

connection to a pulp mill are to utilize

lukewarm water for breeding fish and

to make fish feed from residual wood

components within the mill. Most of

these technologies can be utilized with

or without modification to fit a new

pulping process.

On the other hand, being nature’s

resource of aromatics, lignin is a natural

choice for being converted to renew-

able added-value aromatics or cyclic al-
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kanes. Both of these have a huge mar-

ket in the new circular and sustainable

society. For example, phenolic units

from lignin depolymerization could be

deoxygenated and tuned to jet fuel

via catalysis (Figure 1).1 The annual

global market demand for jet fuels

that can be derived from lignin is 244

million metric tons, which can have a

significant impact on the global CO2

footprint. Even given the push to

move away from combustion engines

to electric and hydrogen road vehicles,

jet fuel is going to remain a necessity for

the foreseeable future for aviation. The

market has recognized this; for

example, Boeing recently said that it

will build planes that can fly on 100%

biofuel by 2030.

The production of renewable liquid

fuels is important on many levels

because it contributes to an improved

climate and the crucial bioeconomy.

This offers an amplified possibility to

reach the Paris Agreement and to in-

crease the value of our biomass, partic-

ularly forest residues such as sawdust

and other byproducts of modest value

today. Renewable liquid fuels are also

important for achieving net-zero emis-

sions in Europe by 2050. To reach such

an ambitious target, we must scale up

both renewable energy and energy effi-

ciency (process efficiency) extensively.

Another area with the potential to

generate added value and make a large

impact is moving toward fuels by, for

example, co-feeding lignin or lignin oils

with or without a biomass pyrolysis oil

into a fluid catalytic cracking
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Figure 1. Schematic representation of the route from lignin to added-value chemicals shows the key catalytic steps
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(FCC) process or a slurry hydrocracking

process or co-feeding lignin into a pyroly-

sis or gasification process. In all of these

technologies, the dealing of sulfur within

lignin is challenging and comes with a

cost. Realization ishardand requirespulp-

ing companies to collaborate on the

development of catalytic processes.

In the short term, what do we do with

kraft lignin? Given that it is more

condensed than native lignin, contains

sulfur, and has relatively low reactivity

by the limited number of functionalized

groups, we are simply dealing with a

beast of an oligomer that is also hetero-

geneous. Recent reports by Xu et al.2

and Balakshin et al.3 discuss whether

lignin’s time beyond energy use has

finally come, as well as new opportu-

nities for technical lignins. Low-hanging

fruits such as lignin in asphalt and dis-

persants in concrete and adhesives

might not provide much more than

heat value, especially given that lignin

modifications are often needed. Other

applications could bring higher value

and might be required. The higher-

value products typically discussed in

the literature are lignin within UV pro-

tection, emulsion stabilizers, carbon fi-

bers, lignin nanoparticles, graphite

and graphene, and hard carbon.

Thus, matching higher-value applica-

tions with a market of significant scale

is challenging, and so targeting

added-value transportation fuels that

are hard to replace with non-carbon-

based energy, as well as integrating

with current refineries, might provide a

way forward. However, more research
and especially more collaboration are

needed. This is especially true for the

development of novel catalytic technol-

ogy that can accommodate this future

direction. In the end, a sustainable solu-

tion that allows for profitability and so-

cietal sustainability is required.
P.J.D. responds: The challenges

associated with the production of

fuels from lignin

Indeed, the main disadvantage of a

short-term direction such as the appli-

cation in asphalt or use as filler material

is that the application is still relatively

low value. Now, at least this provides

some way forward for the technical lig-

nins that are currently produced on a

massive scale. Specialty application

could also boost the value of such

lignins. An example of this is providing

UV-protection properties upon

blending with other renewable poly-

mers, such as polylactic acid for food

packaging. This does, however, require

relatively clean lignin materials and thus

will necessitate some changes to cur-

rent processes in terms of the types of

chemicals that are applied.

The conversion to added-value fuels

seems very attractive but has proven

more tricky than it might at first seem.

Given that technical lignins are rela-

tively condensed, the conversion strat-

egy resembles that of fossil carbon

(e.g., coal) processing through the

application of methods such as gasifica-

tion, pyrolysis, catalytic hydrotreat-

ment, and catalytic cracking. However,

the starting material is more diverse

and typically contains much higher oxy-
gen content, which is not beneficial.

The heterogeneous nature and con-

taminations in starting material that

originate from the biomass and frac-

tionation (pulping) process put high de-

mands on catalyst activity and stability.

There has been much progress in tun-

ing catalysts to allow for more efficient

conversion of technical lignins to mix-

tures. For example, the preparation of

sustainable non-precious-metal cata-

lytic materials that can deal with the

higher oxygen content and sulfur impu-

rities introduced during Kraft pulping

has been reported (e.g., the use of

tailed sulfided catalysts4). However,

the products are inherent mixtures of al-

iphatics, aromatics, and phenolics com-

bined with all kinds of oligomers, chars,

and carbon losses as gases. This is due

to the harsh conditions required for

achieving the breakdown of C–C

bonds, leading to product oils that are

highly complex and consist of hundreds

of different components. Although im-

provements on the catalyst and strat-

egy side are possible, the complexity

of the product mixtures can hardly be

effectively overcome and leads to a

complex separation process or imposes

a need for further processing by

sequential catalytic conversion. For

example, funneling by catalytic defunc-

tionalization by hydrodeoxygenation

and dealkylation to obtain good

yields of phenols and/or aromatics is

possible, but the additional process

step that this requires will negatively

affect the competitiveness. Regardless,

competing with the current fossil-

based processes to aromatic (BTXE)

and phenolic compounds is difficult
Chem Catalysis 1, 6–11, June 17, 2021 7
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because of a century of investments in

their production infrastructure.

Cyclic alkanes are thus an interesting

product, but the carbon yields are

inherently going to be relatively low

and the process will be expensive.

Additionally, significant hydrogen in-

puts are required, which means that

from a sustainability perspective, the

production of green hydrogen avail-

ability and price should become more

favorable. For efficiency purposes and

in view of a smooth transition, process-

ing residue lignin to make it suitable for

co-feeding in current petrochemical

process seems more feasible, but

proper cost analyses using up-to-date

realistic data are required.

Overall, it seems necessary that

the different branches of academic

research and the pulping industry be
8 Chem Catalysis 1, 6–11, June 17, 2021 ª 2021
more intimately involved so they can

look more closely at the chemistry of

lignin via different catalytic conversions

and the possible applications of the

lignin products. Achieving a significant

impetus for change will most likely

require a few strong market entries for

new lignin products. These products

can be derived from ‘‘technical lignins’’

from traditional pulping processes

through changes in the post-treatments

and purification of these products in the

short term. But these products could

well come from completely new pulp-

ing strategies, such as ‘‘lignin-first’’

schemes that significantly change the

role of lignin during pulping. New start-

ups with interesting innovative ideas

are entering the playing field and could

use skilled and trained staff with a com-

bination of backgrounds in chemical

process engineering, pulping, and

chemical (catalytic) conversions.
Elsevier Inc.
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‘‘Lignin-first’’ catalytic
valorization for generating
higher value from lignin

Peter J. Deuss1,* and Christian Kugge2,*
In this Activity article, Peter J. Deuss (tenure-track assistant profes-
sor of green and smart biomass processing at the University of Gro-
ningen) and Christian Kugge (R&D specialist at Svenska Cellulosa
Aktiebolaget) discuss the catalytic routes to transforming lignin
into higher-value products and the opportunities for industry and
academia to develop new technologies.
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University of Groningen, Nijenborgh 4,
Groningen 9747 AG, the Netherlands
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P.J.D. advocates for ‘‘lignin-first’’

catalytic valorization for generating

higher value from lignin

Pulping processes such as kraft pulp-

ing, as well as harsh organosolv, alkali,

and to some extent sulfite pulping, are

developed with a focus on providing

high-quality cellulose products. This

means that the focus is on the efficient
removal of lignin from the cellulose fi-

bers, which leads to the production of

so-called ‘‘technical lignins.’’ The chem-

ical structure of native lignin as part

of lignocellulosic biomass is already

complex in that it consists of multiple

monomeric units connected via multi-

ple types of linkages. But as a result of

the harsh processing conditions that
involve the use of acids or bases at

increased temperature to enable the

efficient extraction of lignin from the

cellulosic material, the chemical struc-

ture gets completely altered by depoly-

merization and repolymerization pro-

cesses to yield an even more diverse

and complex chemical structure. Addi-

tionally, this changes the structure

from a relatively easy-to-cleave C–O-

bonded polymeric structure to one

with a higher content of harder-to-

break C–C bonds (see example inset

structure in Figure 1).
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