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1 Introduction — how to compare and correlate properties of lignin
and its derivatives to selected applications?

Since a lot of different applications are possible with lignin as described in D3.1., one of the major points to
decide where it makes sense to use lignin is linked to it properties. Besides the properties of the lignin, also
the integration in the value chain and markets is crucial to make its use a success for specific industrial
applications as discussed in working group 4.

Based on interactive discussions with WG3 and WG4, the different applications and taskforces defined in WG3
have been narrowed down to specific industrial relevant needs and potential for market introduction the
upcoming years.

The scope of this deliverable is to provide insight for these defined applications and make the link between
using all different types of lignin resources available (technical lignins, hydrolysis lignins and lignin oils) and
their end use in terms of material properties and define existing gaps to get the community to align on for the
future.

e Downselection from 7 taskforces to 6 defined applications

Specific taskforces with defined taskforce leaders were initiated and organized as reported in D3.1. Based on
those applications, a link was made to the development of the value chains and therefore a downselection to 6
defined applications was agreed upon. Different members of lignocost were involved to contribute to the work

to build specific info for each selected application.
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Table 2: Linking taskforces and applications to value chains — prioritize end uses.

Taskforces
(WG 3) Value chain (WG 4) Compound Lead
olymeric lignin*
A.1. Phenol-Formaldehyde 2 ; U X g . |Lignin is replacing (up 40-50 wt.%) of petroleum |Particle boards,
TF1 VvC1 ) oligomeric lignin ) ) Kostas
(PF) resins lignin oil phenol in the phenol-formaldehyde resin wood panels, .....
Lignin utilized as bio-polyol to replace (partiall e (e
TF1 vC2 A.2. Polyurethanes - A AN 2 . v soft), adhesives, Filomena
or completely) isocyanates, ..........
All applications
A.3. Epoxy resins Lignin is replacing petroleum derived bisphenol |of glassy and Elias
(polymers) A and/or cross-linking agent rubbery epoxy
TF1 vC4 polymers
road
VvC3 D.1.Bitumen .... | e constructions, Richard
TFS roofing
D.2. Polymericblends(eg | | e
e | | Beata
TF4 rencomm, DOMTAR) | |70
composites for
D.1. carbon fibers carbonized lignin [ esisseeeenne automotive, Omid
aerospace,...
TF7 VC4

e Detailed info for 4 defined applications:

o Based on the prioritisation above, 4 defined lignin-based applications have been detailed for
lignin structure -property relations with the end-use, i.e. for epoxies, phenolic resins, PU and
polymeric blends; the case for epoxies has been detailed below.

o The 2 remaining applications, i.e. bitumen and carbon fibers have been more elaborated in the
value chain approach of working group 4 and will be detailed there in Deliverable reports D4.1-
D4.3.

2 Approach and suggestions

Among the polymer materials containing aromatic rings, bis-phenol A (BPA) based epoxy resins have been widely
produced compared with other thermosets because their properties can be tailored to suit a different applications
such as coatings, composites, adhesives and the electronics industry. BPA-derived epoxy resins also called
bisphenol A diglycidyl ether (BADGE) constitute 75% of the market of liquid epoxy resins (LER). Epoxy resins
are polyethers usually obtained by reacting polyols or more generally a component comprising hydroxyl groups
with epichlorohydrin (ECH). Commonly epoxy resins are cross-linked with various curing agents such as amines,
anhydrides, alcohols etc. Epoxy resins are sold in the market as liquids or solids. According to several market
reports, the global epoxy resins market can be estimated to around 11 to 12 billion USD in 2021 [1,2]. The
market volume was valued between 3.5 to 5 MT in 2020-2021 [3,4].

The main drawback in using epoxy resins is that their main constituent BPA is toxic and carcinogenic [5]. To this
end, investing in the production of next generation epoxy thermosets from renewable aromatic bio-polymers or
bio-based monomers, such as lignin and the derived phenolics, is crucial towards sustainability and circular
(bio)economy [6,7]. Lignin has already been successfully incorporated in a variety of thermosets and
thermoplastics with the attention to epoxy resins being spurred only in the last years.

Lignin, due to its phenolic nature and high functionality, can be utilized as a reactive filler in epoxy resins,
replacing the commonly used petrochemical curing agents. Due to its reactive surface groups like hydroxyls (and
carboxyls), lignin can react with the epoxy rings of the resins and promote ring opening polymerization. An
extensive review of the literature was written in the framework of this deliverable [8]. The different types of
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lignins along with their properties as well as the resulting lignin epoxy material characterization are summarized
in the table below (references listed in the reference section).

Properties of lignin-epoxy polymers/composites

Type of - . —
it Type of EEW Epoxy Pre- - Lignin  Sub -
Reference hgm.n..’ functionalizatdon  (gr/eq.) polymer Curing agent (wt.%) (wt.%%) * = Residual Tensile  Tensile Storage
bio-oil Ta 5% z Modulus
©0) mass ©¢) strength  Modulus, (GPa
,
(%) O E(GP) oo
Enf Ligm . 1.3-Glycesol 3 3 . B , 7 7
] P enesiuinl w050 56 3 2
Enf Lignn 13-Glyceral N ;
[0l (Inulin AT) - digycetyt aher Pyrogallol 2430 - - - 5 Y 35
& 0‘5‘“;";"‘;‘“““‘ Glycidylation 3 - Cardelite GX-3000 - - 241 - 181 . - 14
e} Hardwood Knaft Glycidylation 612 - Cardalite GX-3000 - - 45 - 173 - - 13
enzymatic Bisphenal & p—
53 bydrelyzed igrin - epory resin Feee 5 - - -
{corm straw) (WES13) )
Lignin (oil balm i
Diglycidyl ether N N ;
24 esupry fruit - e]?];‘lphén:la Tsophorone diamine 5 5, - e 167 fat - 136 045
s iack Dlraa) (D) (Td10%)  800eC)
o)
2] E“"’IT;LK"“ - LR200 1EM 1530 - - - -
2] um}hm - LR200 LE0 1530 - R . R
26 Mﬂ:;‘““ - LR200 LE30 15-30 - - - -
2] E“"’IT;LK"“ - LR200 1EM 1530 - - - -
Diglycidl sther ) i
B Kuafi liznin Amination - of bisphenl A Tricthylene 0812 - - - 1
v temamine (TETA) 125
Diglycsdy) Ether
2 KI{II_;NIISND[!] Aminative - of Bispheral & - 129 3098 - 158 867 3009
& (Epon 828)
steam exploded s
5] methancl-solible Glcidylation 3375 - D231 3 (1007-) w3 \ -
lignin (cedar) (B00eC)
stam exploded .
B3 ‘methanol soluble Giycidylation 1375 - Methanol-soluble 12 10873 206 x?ofc* .
lignin (cadar) lignin (B00aC)
steam exploded Diglycidyl Ether ]
B3 ‘methanol-soluble - ofBisphenol 4 Yistharoisoluble 342 (-/100) 325 (x?o;c‘. -
L cedar) (EPE2E) lignin t
LignoBossit ) s
B4 saftwood kraft Glycidylation 3675 -ﬁ}:‘;‘: Aradurg3435 - @18/-) 303325 ('u’ 5&2);% - 513651 300336
liznin s
LigreBoastit
1 ¥raft lizmin Glyridylaton 256370 - Teffamine D300 333418 (100/-) - - 12-5 000601 00130156
(sprace)
6] K?;‘ﬂ:‘f;‘]‘“ Glycidylation 208 - Teffamine D400 65 (1007-) - - 0 a5 00017 12
Kaafi ignin - . ) . a : ; ) 0.0014- :
8] e Glycidylation 195 Jeffamine D400 5456 {100/ 3 56.59 Do 1823
6] K?‘;‘n?f;‘]‘“ Glycidylation 208 - TefFamine D-}000 3 1007-) - - 50 12 0.006 £.000-0.034
Hraft ligmin . N ; 40-( 0003+
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* First value refers to wt.% substitution of epoxy prepelymer, the second value refers to wt.% substitution of curing agent

The tables shows that there is still a big lack of characterization of lignins as well as the epoxy materials using
common methods of characterization. Indeed a lot of publications focus on the synthesis part and not on the
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characterization which is the main key to advance the understanding the relationship between properties of
lignin and the performance of the materials. In addition, the enrichment of lignin surface with epoxides via
glycidylation is the selected method for preparing bio-based phenolic epoxy prepolymers while amination or
further hydroxylation of the surface may lead to reactive substitutes of curing agents as the intrinsic
hydroxyls/carboxylic groups of lignin are not sufficient to compensate the reactivity of poly-amines or other
classical curing agents. Technical lignins, organosolv lignins, and lignin oils have all been used to make epoxy
resins. Nevertheless, with the lack of common thermomechanical characterization of the lignins as well as the
final epoxy material, it is very difficult to decide which type of lignin is performing the best. Although, the
measured values indicate that the epoxy-lignin composites may offer similar or even improved thermo-
mechanical properties compared to the pristine epoxy polymers, and can provide new ones such as UV blocking
and antioxidant, antibacterial and flame retardant properties. Moreover, the values are very broad to cover a lot
of applications depending on the desired properties. One should finally note that technical lignins have the
advantage of being available and relatively cheaper than the other types of lignin while their incorporation into
epoxy materials in high percentages is limited to their low solubility dictated by their highly condensed structures.
While on the other hand, in a longer term trajectory, lignin oils produced by pyrolysis or hydrogenolysis can be
added in higher percentages in weight in epoxy materials while their cost and availability in big volumes still
needs innovative trajectories with national, regional and European initiatives to be able to go from lab scale (TRL
4) to pilot scale (TRL 5-6).

3 Conclusions and outlook

Whereas a lot of work has been done as described in literature, and compiled in this task and
deliverable report; still a lot of gaps exist as described below:

@ 11 g HOC OST www.lignocost.eu | CA17128 - Establishment of a Pan-European Network on the Sustainable Valorisation of Lignin

Identified gaps:

O Not always the articles consider simultaneously the lignin and application
properties (materials, chemicals etc.) — Hard to establish a relationship;

O For several applications, only recent articles start to report lignin properties
(e.g. hydroxyl index);

0 Attention must be taken when comparing the properties obtained by different

techniques/methodologies (e.g. molecular weight determination).

It would be interesting to search for articles with more complete information.

6 Version no 1 4/25/2023



¥ LlgNoCOST

4 References

[1] Epoxy Resin Market (By Raw Material: DGBEA, DGBEF, Novolac, Aliphatic, Glycidylamine, Other; By
Application: Paint & Coatings, Construction, Electrical & Electronics, Wind Turbine & Composites, Civil
Engineering, Adhesive & Sealants, Others; By Technology: Solvent Cut Epoxy, Liquid Epoxy, Waterborne
Epoxy, Others; By Sales Channel; By End User) - Global Industry Analysis, Size, Share, Growth, Trends,
Regional Outlook, and Forecast 2022-2030, Precedence Research, Report Code: 2150, 2022.

[2] Epoxy Resins Market Analysis By Raw Material (DGBEA, DGBEF, Novolac, Aliphatic & Glycidylamine) By
Application (Paints & Coatings, Wind Energy, Composites, Construction, Electrical & Electronics & Adhesives)
By Region, Forecast 2022-2032, Fact.MR, 2022, report reference: FACT7318MR.

[3] EPOXY RESINS MARKET - GROWTH, TRENDS, COVID-19 IMPACT, AND FORECASTS (2022 - 2027), Mordor
Intelligence, 2022.

[4] Pia Skoczinski, Michael Carus, Doris de Guzman, Harald Kab, Raj Chinthapalli, Jan Ravenstijn, Wolfgang
Baltus and Achim Raschka, Bio-based Building Blocks and Polymers-Global Capacities, Production and Trends
2020-2025, Nova Institute, 2021.

[5] N. Khan G, J. Correia, D. Adiga, P. Rai, H. Dsouza, S. Chakrabarty,S. Kabekkodu, A comprehensive review
on the carcinogenic potential of bisphenol A: clues and evidence, Environmental Science and Pollution
Research, 28 (2021) doi: 10.1007/s11356-021-13071-w.

[6] A. J. Ragauskas, G. T. Beckham, M. J. Biddy, R. Chandra, F. Chen, M. F. Davis, B. H. Davison, R. A. Dixon,
P. Gilna, M. Keller, P. Langan, A. K. Naskar, J. N. Saddler, T. J. Tschaplinski, G. A. Tuskan,C. E. Wyman, Lignin
valorization: Improving lignin processing in the biorefinery, Science, 344 (2014) doi:
10.1126/science.1246843.

[7]1 M. Brodin, M. Vallejos, M. T. Opedal, M. C. Area,G. Chinga-Carrasco, Lignocellulosics as sustainable
resources for production of bioplastics — A review, Journal of Cleaner Production, 162 (2017) 646-664, doi:
https://doi.org/10.1016/j.jclepro.2017.05.209.

[8] Christina Pappa, Elias Feghali, Karolien Vanbroekhoven, Konstantinos S. Triantafyllidis, Recent advances in
epoxy resins and composites derived from lignin and related bio-oils, Current Opinion in Green and Sustainable
Chemistry, 2022, 38, 100687.

[20] G. Engelmann,]. Ganster, Bio-based epoxy resins with low molecular weight kraft lignin and pyrogallol
Holzforschung 68 (2014) 435-446, doi: doi:10.1515/hf-2013-0023.

[21] S. Nikafshar, J. Wang, K. Dunne, P. Sangthonganotai,M. Nejad, Choosing the Right Lignin to Fully Replace
Bisphenol A in Epoxy Resin Formulation, ChemSusChem, 14 (2021) 1184-1195, doi:
https://doi.org/10.1002/cssc.202002729.

[23] X. Kong, Z. Xu, L. Guan,M. Di, Study on polyblending epoxy resin adhesive with lignin I-curing
temperature, International Journal of Adhesion and Adhesives, 48 (2014) 75-79, doi: 401
https://doi.org/10.1016/j.ijadhadh.2013.09.003.

[24] H. P. S. Abdul Khalil, M. M. Marliana, A. M. Issam,I. O. Bakare, Exploring isolated lignin material from oil
palm biomass waste in green composites, Materials & Design, 32 (2011) 2604-2610, doi:
https://doi.org/10.1016/j.matdes.2011.01.035.

[26] J. R. Gouveia, G. E. S. Garcia, L. D. Antonino, L. B. Tavares,D. J. dos Santos, Epoxidation of Kraft

Lignin as a Tool for Improving the Mechanical Properties of Epoxy Adhesive, Molecules 25 (2020) 2513, doi:
10.3390/molecules25112513.

[31] G. P. Mendis, I. Hua, J. P. Youngblood,J. A. Howarter, Enhanced dispersion of lignin in epoxy

composites through hydration and mannich functionalization, Journal of Applied Polymer Science, 132 (2015)
doi: https://doi.org/10.1002/app.41263.

[32] S. Nikafshar, O. Zabihi, Y. Moradi, M. 435 Ahmadi, S. Amiri,M. Naebe, Catalyzed Synthesis and
Characterization of a Novel Lignin-Based Curing Agent for the Curing of High-Performance Epoxy Resin,
Polymers, 9 (2017) 266, doi: 10.3390/polym9070266.

[33] C. Asada, S. Basnet, M. Otsuka, C. Sasaki,Y. Nakamura, Epoxy resin synthesis using low molecular weight
lignin separated from various lignocellulosic materials, International Journal of Biological Macromolecules, 74
(2015) 413-419, doi:https://doi.org/10.1016/j.ijbiomac.2014.12.039.

7 Version no 1 4/25/2023



@ lignocosT

[34] A. Jablonskis, A. Arshanitsa, A. Arnautov, G. Telysheva,D. Evtuguin, Evaluation of Ligno Boost™ softwood
kraft lignin epoxidation as an approach for its application in cured epoxy resins, Industrial Crops and Products,
112 (2018) 225-235, doi: https://doi.org/10.1016/j.indcrop.2017.12.003.

[35] C. Gioia, G. Lo Re, M. Lawoko,L. Berglund, Tunable Thermosetting Epoxies Based on Fractionated and
Well-Characterized Lignins, Journal of the American Chemical Society, 140 (2018) 4054-4061, doi:
10.1021/jacs.7b13620.

[36] C. Gioia, M. Colonna, A. Tagami, L. Medina, O. Sevastyanova, L. A. Berglund,M. Lawoko, Lignin-Based
Epoxy Resins: Unravelling the Relationship between Structure and Material Properties, Biomacromolecules, 21
(2020) 1920-1928, doi: 10.1021/acs.biomac.0c00057.

[38] W. X. Li, L. P. Xiao, X. Y. Li, W. Z. Xiao, Y. Q. Yang,R. C. Sun, Renewable and flexible thermosetting
epoxies based on functionalized biorefinery lignin fractions, Materials Today Sustainability, 15 (2021) 100083,
doi: https://doi.org/10.1016/j.mtsust.2021.100083.

[41] L. Over, E. Grau, S. Grelier, M. Meier,H. Cramail, Synthesis and Characterization of Epoxy Thermosetting
Polymers from Glycidylated Organosolv Lignin and Bisphenol A, Macromolecular Chemistry and Physics, 218
(2017) 1600411, doi: 10.1002/macp.201600411.

[42] P. Ortiz, R. Vendamme,W. Eevers, Fully Biobased Epoxy Resins from Fatty Acids and Lignin, Molecules, 25
(2020) 1158, doi: 10.3390/molecules25051158.

[46] J. Y. Jung, C.-H. Park,E. Y. Lee, Epoxidation of Methanol-Soluble Kraft Lignin for Lignin-Derived Epoxy
Resin and Its Usage in the Preparation of Biopolyester, Journal of Wood Chemistry and Technology, 37 (2017)
433-442, doi: 10.1080/02773813.2017.1310901.

[64] Y. Liu, B. K. Via, Y. Pan, Q. Cheng, H. Guo, M. L. Auad,S. Taylor, Preparation and Characterization of
Epoxy Resin Cross-Linked with High Wood Pyrolysis Bio-Oil Substitution by Acetone Pretreatment, Polymers, 9
(2017) 106. [Online]. Available: https://www.mdpi.com/2073-4360/9/3/106.

[65] M. Barde, S. Adhikari, B. Via,M. Auad, Synthesis and characterization of epoxy resins from fast pyrolysis
bio-o0il, Green Materials, 6 (2018) 76-84, doi: 10.1680/jgrma.17.00038.

[68] E. Feghali, D. J. van de Pas,K. M. Torr, Toward Bio-Based Epoxy Thermoset Polymers from Depolymerized
Native Lignins Produced at the Pilot Scale, Biomacromolecules, 21 (2020) 1548- 1559, doi:
10.1021/acs.biomac.0c00108.

[67] F. Ferdosian, Z. Yuan, M. Anderson,C. Xu, Sustainable lignin-based epoxy resins cured with aromatic and
aliphatic amine curing agents: Curing kinetics and thermal properties, Thermochimica Acta, 618 (2015) 48-55,
doi: https://doi.org/10.1016/j.tca.2015.09.012.

8 Version no 1 4/25/2023



