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OUTLINE

Lignocellulose and its biorefinery
Lignin challenge ?

From carbohydrate to lignin-centered biorefinery
Reductive Catalytic Fractionation - RCF

What is RCF biorefinery ?

Role of catalysis ?

Upscale challenges & initiatives at KULeuven (BIOCON)
Refined fractions and downstream products

Conclusion & Perspectives
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Biorefining lignocellulose

Lignin Chemistry Ed. Serrano, Luque, Sels Topics in Current Chemistry
Collection, Springer 2020.
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LIGNOCELLULOSE AND ITS BIOREFINERY

Cellulose
OH L OH OH - OH
womgwo 0 (';w * 40-60 wt%
,,,,, HO . .
.  OH-- &y N OH-—- by » Semi-crystalline
OH T A e OH P .. .
g S g g e e
..... o
MR 3 HO"oH S b f
OH e OoH <~ OH
”O’Yt:QS;:HO ° X o2
HO o 0----_HO OQ;igm
OH OH OH OH

Hemicellulose

HOOC
M o * 10-35 wi%
HO
o o o ?mo o * Different C5-C6 sugars
SO H/OBO&/OW OMN « ‘Family’ of polymers
o= o= » Amorphous
Hemicellulose . .
cemose . and Lignin
* Glue’
e 15-30 wt% 5

Lignin Chemistry Ed. Serrano, Luque, Sels Topics in Current Chemistry Collection, Springer
SNDN
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LIGNOCELLULOSIC BIOREFINERY

Unraveling lignocelullosics into High T
“useful” streams Original structure loss
Full solid biomass
Syngas conversion

Gasification in oxygen — upgrade by (existing) C1
chemistry (CH;OH, Methanol to hydrocarbons, Fischer-
Tropsch, ...)

Bio-oil

(hydro-)Pyrolysis in inert or (supercritical) solvent
(optionally with catalysis) — novel refinery of
oxygenates from both sugar and lignin part — further

upgrade to aromatics, olefins, hydrocarbons (biofuel), ... . Low T
Original structure
Carbohydrate pulps retainement

Separating products from

Solvolytic or hydrolytic fractionation (water, organic S
Y Y 4 ( J carbohyrdate and lignin

polar solvent) — sugar chemistry, fermentation, ... .

?7? Lignin: kraft, alkali, hydrolysis, organosolv
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LIGNOCELLULOSE AND ITS BIOREFINERY

7

¥ |
Polymers
Cellulose 7~ Lubricants §
Hemicellulose Coatings
I Lignin ? Adhesives

Paint
Fuels

Bioaromatics '

Lignin Chemistry Ed. Serrano, Luque, Sels Topics in Current Chemistry Collection, Springer
SNON



From carbohydrate centered to lignin-first biorefineries
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THE CLASSIC SUGAR-CENTERED BIOREFINERY

Examples:

- Production of paper (e.g., Kraft)

- Hydrolysis and organosolv lignin
for fermentation pulps (bioethanol)

Fractionation

saccharification

fermentation
Cellulose » Sugars _
ety Bioethanol
Biomass Hemicellulos » Sugars

Lignin &
Acid, Base
Enzymes
-
Contact time
Solvent Schutyser et al. ChemSocRev 201

Renders et al. EES 2017
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LIGNIN IN A CLASSIC BIOREFINERY ?

Cellulose

Biomass \ Hemicellulose
Degraded lignin
O Solvolytic O?j
Cleavage of part
o
o of the ethers Q/
0 h > o /O
#CINeT w Disentaglement {3 %6 o
from sugars
Native or in Reactive (olefinic or
planta lignin car.bo.nyl containing)
(e.g., b-O-4) lignin fragments

? FractionationDepolymerisation  Upgrading 'IBFI

Condensation
with new C-C

bond NewC C

0%3

Isolated lignin
precipitates

Schutyser et al. ChemSocRev 201
Renders et al. EES 2017
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THE LIGNIN CHALLENGE

FractionationDepolymerisation Upgrading ’.’]m

Degraded lignin Phenolics
(low (low yield for low MW and
functionalisation) monomers)

4

é OH OH
Depolymerisation KE
o

XD 0 Harsh conditions
Isolated lignin Depolymerised lignin Examples

Refunctionalize the

available Schutyser et al. ChemSocRev 201
commercial lignin ~ Renders et al. EES 2017
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LIGNIN-FIRST STRATEGIES

Lignin protection strategies while dissolving the pulp in
strong acid (step 1) + selective depolymerisation of the
Isolated lignin (step 2).

« Aldehydes (Lutherbacher et al.)

Chemical stabilization of the reactive intermediates

« Aromatics alkylation (phenolation) — high MW, high phenol
content

« Glycols (Barta et al.)

* Reductive chemistry — monomers to low MW (e.g., Song et al.,
Abu-Omar et al., Rinaldi et al., Barta et al., Sels et al.)

EES 2020 (guidelines for lignin-first)
Angewandte Chemie 2020
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EXAMPLES OF LIGNIN STABILISATION IN
CHEMISTRY LANGUAGE

A) Lignin stabilization and condensation

Condensed lignin

Aldol
condensation

Acetal
pro tection

Stabilized
lignin monomer

0o "'>
Acetal 0
protectlon
OMe
O

+ Ha0, - H* d|-Fa
EigAlR ngnm OMe Il_lgmn
Lignin
(0] + H* Condensation Cidia
OMQ @ b Ig“n
2 OMe ) OH
OMe Lignin.. :
O- Lignin Lank
ngnln ngnln Lignin resonance form OMe :@\
MeO Lignin
RY Lignin
o}
(0)
Acetal OMe
protection
c . OMe
Lignin Stabilized
lignin

Stabilized
lignin monomer

Angewandte Chemie 2020



LEUVEN

A NEW CONCEPT:
LIGNIN-FIRST BIOREFINERIES

\‘ ? Fractionation + lignin depolymerisatiork Upgradlng \

Lignin—first Biorefineries
innovative lignin streams’w.r.t novel
unique structures and properties
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REDUCTIVE CATALYTIC STABILISATION:
CONCEPT

Reductive Catalytic Fractionation (RCF)

O
6 S

O Extraction + !/ Stabilisation +
O Fragmentation Y Depolymerisati
° ether orr—
~ %
Native lignin Extracted reactive Depolymerised lignin

lignin fragments

/&_/

Solvent, high T

(or H -donor)

Renders et al. Energy Environ. Sci., 2017 catalyst
Lignin first guidelines EES 2020
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THE CHEMISTRY OF RCF ...

_Lignin

Renders et al. Energy Environ. Sci., 2017
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... BY CHEMICALLY STABILIZING REACTIVE 13U}
INTERMEDIATES

HO

N\,
. 0 ~o

Reactive o 5 on on )
. _ _
intermediate O O

| HO X 4
HO OH e HO
o) i O

7 ~
Solvolytic and N /S \—oH
hydrogenolysis ]\, p Reactive
action H < Ho intermediate

Renders et al. Energy Environ. Sci., 2017



... INTO STABLE PHENOLIC PRODUCTS

Stable

monomerj@/ OH OH
h@; c-

Q OH

C\d\,OH
H Stable monomer

g

HO

Catalytic hydrogenation action

Renders et al. Energy Environ. Sci., 2017



Lignin-first RCF biorefinery and the role of catalysis

Renders et al. Current opinion in biotechnology, 2019



BENCH SCALE RCF BIOREFINERY:
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Lignin oil - Pulp

e.g. poplar, birch,
pine, eucalyptus

Solvent
e.g. methanol

Catalyst + H,
e.g. Pd/C, Ru/C,
Ni/SiO,

Van den Bosch and Schutyser et al. Energy Environ. Sci., 2015

Renders et al. ACS Catalysis, 2016;

Renders et al. ACS Sustainable Chemistry & Engineering. 2016

Renders et al. Energy Environ. Sci., 2017
Renders et al. Green Chemistry 2018

Batch reactor (100 mL)

200 - 250
°C
60 - 120 bar

Delignification yield: >
90%

f—\ OH
| _O 0J)
HO
. + dimers
Lignin oil )
oligomers

S (,. 3
catalyst)
Cellulose

Hemicallulose

Pulp retention: > 95%
Hexoses

> 85%
Pentoses
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Monomer Yield (C%)

1. HIGH LIGNIN MONOMER YIELD

ROLE OF CATALYSIS:

50 A
40 ~
30 ~

20 A

10

0

(él(% (c'ﬂ{é»é (&1[% C

—&— Total monomers

0 0.5 3 6
Reaction Time at 523K (h)

Without Catalyst

b)

—8— 32 3b

50 -

40

30 A

20 ~

10

005 3 6
Reaction Time at 523K (h)

With Catalyst

Signal (a.u.)

I I b}
E IEI E
£ |E E
& 82
S 113
s 3
[ _E,
¥, @
ﬂu )
LAl v
:' i 0.5 h
i or
3 Retention time (min.) 10
Without Catalyst

Oligomers
Monomers

5

Retention time (min.) 10

With Catalyst

Van den Bosch et al. Green Chemistry, 2017.
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MONOMER YIELD IN OTHER BIOREFINERIES

Monomer yield / wt%

63 data points
26 studies
100 4 @ x r 100
] X * :
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22 June, 2022 170 studies
Proprietary and Confidential



ROLE OF CATALYSIS:
2. CONTROL PRODUCT SELECTIVITY

. > ER

a) | —rd/c 4 b) ——Pd/C 3+4
Ru/C 3 Ru/C | s
+

z I Pd ; Dimers

- - . £ KT Small

e “m© oligomers

& 1 ‘ &

< 7z

Ru .

10 12 14 16 18 6 7 8 9 10

Retention time (min) Retention time (min)

Schutyser et al. Chem Commun 2015, 51, 131



PRACTICAL CATALYST USAGE AND RECYCLE

& Ni-AlLO, pellets "
1

T, p(H,)

100% Recuperation

Lignin monomers

Monomer Yield (C%)

50

40

30

20

10

Ni-ALO,

Lignin oil

Carbohydrate
Pulp

&
W Propanol-G/S | Propyl-G/S
O Unsaturated monomers m other monomers

* H,-pretreatment .
Van den Bosch et al. Green Chemistry,



KATHOLIEKE UNIVERSITEIT

LEUVEN

Upscaling the RCF biorefinery at KULeuven

BIOCON®




IMPACT OF SCALING ON PRODUCT PROPERTIES
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One phase MeOH
Two phase BuOH-water

RCF reactor

BuOH + H,0 (1:1)

o

Ru/C + H,

Monophasic
liquor

Process conditions (proof-of-concept)

200 °C 2 g eucalyptus sawdust
10 barH, 0.1 gRu/C (5 wt% metal)
2h 20 mL n-butanol + 20 mL H,0

Pulp (+
catalyst)

.,

Biphasic
liquor

Renders et al. GC 2018

OH
o OH
% Jo o
HO o
OH
OH

Solid phase

OH OH
/o\éa‘o\) /ojia‘o\)
HO

n-Butanol phase

OH

HO OH
OH OH

¥ -+ oligomers

OH OH

HO

Aqueous phase
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IMPACT OF SCALING ON THE PRODUCT cLIB) L=ia,
PROPERTIES BIOCON® Z Fraunhofer

e \
. Lignin oil
100 mL 2L 50L
100% A
Delignification
[wt% total lignin] & g5 7
. 80% A
BeECh E Monomer yield 16 24 16
A [wit% oil]
:—_'; 60% A
E Mn 603 589 571
S 40%
; Mw 895 970 769
o
=
20% A PDI 1,48 1,65 1,35
_ 5 % 1,2 1,2 1,5
mAsh 0% Bo4 [%0]
. 100 mL 2L 50L
O Extractives S [%] 32 84 a5
OWwater W POH-G/S OP-G/S OOther @EDimers, oligomers
ELignin | J
OAcetate 4 i '
O Hemicellulose Soluble sugar products . Solid pulp 100 mL 2L 50L
mCellulose B
Pulp retention (wt%) 51 50 52
15% ~
Sacharification (%) 93 84 74
—12% A Fermentation
g efficiency (%) 85 33 100
£
R=]
2 9% __ 100% -
© R
g E
= = 80% A
°§ 6% o s
— 2 60% A
2 a
> i E
3% g 40% A
]
=
___________________ 0% . i i , _nt; 20% o
i’ Ru/C K 100 mL 2L s0L 5
i 200°C, 2h, 30 bar H, : 0O C5 monomers @ C6 monomers - 0% -
1 40V% (n-butanol/water) | ] 100 mL 2L s0L
i 40 g/L biomass, 4 g/L catalyst | @ Other monomers @ Sugar Oligomers @ Lignin OWater O Hemicellulose @ Cellulose )y
e e e e e e e e e 7,

Cooreman et al. in preparation
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ROADMAP LIGNIN BIOREFINERY@KULEUVEN:
BIOCON®

Hﬂ o e

|
|
coniwons 1 ) elg =lg
|
|
|

200 L

~
—~

multi-kg multl ton

2027-2030 4 > 2030

DEMO LEAD PLANTS

PILOT

LAB LAB :
i @TRANSfarm
|



BIOREFINERY TECHNOLOGY AT LARGE
SCALE: TARGETS

LEUVE

Biomass

1,5-5 €/kg (| Al ._ ,k.” —— 0’3_0,6€/kg

Lignin oil Biorefinery Carbohydrate pulp
process

BIOCON®
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LEUVEN

BIOCON BIOREFINERY PILOT
ON TRANSFARM SITE

1000|2000

Funded by the
European Union DE VLAAMSE
NextGenerationEU VEERKRACHT

Horizon 2020
European Union Funding RR]| "
for Research & Innovation e

siobased ndustries  SMARTBOX &




Identification of challenges in the BIOCON® program
fundamental questions (conditions, catalyst, solvent)
reactor design
process: TEA & LCA
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CHALLENGES: FUNDAMENTAL QUESTIONS

Lignocellulose feedstock

BIOCON®

FUNDAMENTAL RESEARCH QUESTIONS

Operating pressure Redox catalyst

* Logistics & handling * High delignification * Performance
* Density * Temperature *  Activity
* Size * Solvent *  Selectivity
* Diffusion * Reductive activity +  Stability
* Hy-pressure * Physical recuperation

* Morphaology
* Pore structure

Bark ?
(tannines, suberines)

Waste woods ?

*  Hydrogen-donor

Solvent efficiency

* Safety

* Auto-ignition point

*  Overall usage

» Stability
* Recuperability

Cooreman E. et al. Ind Eng Chem Res. 20

Vangeel T et al. Biomass conversion & Biorefinery, 20
Vangeel T et al. Green Chemistry, 2019

(Wood variability, metal and oxide impurities, ...yan den Bossch G. et al. submitted
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CHALLENGES: REACTOR DESIGN

REACTOR DESIGN
A 4
BATCH FLOWTHROUGH
Ideal mixing Non-ideal flows
i £1% ‘e
QC) Separation biomass and catalyst tm}:.:,‘. @ Separation biomass and catalyst %
Physical stability of catalyst Physical stability of catalyst

| I
| I
Mechanical I ZR\ No mechanical | Currently
stirring | ROwusags & @/ stirring I higher usage
! I

Cooreman E. et al. Ind Eng Chem Res. 20
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PROCESS CHALLENGES : TEA & LCA

BIOCON®

_______

/MA/ /MA/

Solvent recycle: IMA/H.Of | A CHP |——aems
Y i Fuel (H,)
Mix2 | Il: split2 —_— EEEEEEN

PSA
i: /MA/
L | | Flash Tank .
Mix 1

\
H
—_ D‘,@ /MA
:| > Flash Tank Lignin Oil

— > -0 j@ [MA/
¢ /@ Liquid-liquid
/

Extraction Aqueous Sugars
Wash
Centrifuge

Bartling et al. EES, 202
Arts W. et al. (in preparation
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ECONOMICS

US Price ($/kg)
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 75 8.0

(LU S ORI YOI S (PSPUNETCES (JCSCH TR [
10 1 1 1 1 1 1 1 1 1 1 /

— MSP-Crude RCE Ol

I i I
Diesel—\ | ipids | | -~~- MSP-Lignin Fraction
.| enzene . ; —
9 Gasoline——Y—4f | MSP-Monomer Fraction®
10 "3 Phenol l | [ Methanol
Ethylene-\_. : Xylene (para) | |
Ethanol n Acetone s :
8 Hydrogen-Free
10 \. : ropylene Glycols ! ! B Hydrog
I I

B Ethylene Glycol

kil xo Chemicals

_ -j:<;::§cwllc Acid
utadiene (1,3-)

/-Ethyl Lactate " Acrylonitrile

- _\_‘l—-—THFI
e T\ soprene |
|
[
I
|

Methanol/™

Acetic Acid—""

Fatty Acid s—"| _r

|
I
I
Sorbitol- /_/ I.
Refined Glycerin- l
I
I
I
l

|
|
|
! Ethanol
|
|
Ll

-
o
[+

m—Xylitol

Global Consumption (metric tons)
o

pichlorohydrin,

N
o
)

| —Lactic Acid
I\l Furfural
HA

10° 4 T T y T T T T T T 1 y T L — T | p— T T T T T T

- f——r
0.0 0.2 04 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0 2.2 34 36
US Price ($/Ib)

w
c
O
o,
=
(g
>
e
a

Bartling et al. EES, 202
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CO2 FOOTPRINT & ECONOMICS

o

Minimum Selling Price (USD/kg)

b c
22 — I°; 80
{ ® MSP-Lignin Fraction o 04- - S
204 & MSP-Crude RCF Oil 02 = >
; Q ] -
1.8 . © o “ =1 I
g - o
1.6 1 w - % -0.2- - § 70 »
1 = kel i £ 70+
14]m = g 94 m L >
' L -06- =
12 @ c 2 3 651 »
' o * 5 081 a B
_ @ 2 1 |
i e ® * 3 1.0+ I ke
' T m
O'8I'l'l'l'l'l'l %-12 | O A L L L L | 60l'l'l‘l‘l'l'l
4 5 6 7 8 9 10 O 4 5 6 7 8 9 10 4 5 6 7 8 9 10
Total Solvent Loading Total Solvent Loading Total Solvent Loading
(L/dry kg biomass) (L/dry kg biomass) (L/dry kg biomass)

Bartling et al. EES, 202
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Holistic view on the RCF biorefinery and usage of the primary
products

lignin oil & pulp:
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PULP USAGES

SOPREMA

GROUP

Fibre composites GF

‘ I n S U | atl O n Biochemicals @
Sappi stérdéhso |

BIOMASS BASED

Inspired by life Paper .y _ Pl atfo m CHEMICALS
Cardboard chemicals
Food Biofuels

additives

nuscience Novelreast VO TAL

safe & innovative nutrition
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LIGNIN OIL

Resins
PURSs
Epoxys

Phenols
Bisphenols

BN LOAWTER" Flameretardents
SOUDAL .
5 Antioxidants
M CHEMSTREAM 11
RECTICEL 2 PlaStIQI_ZerS
@ T Ao Emulsifiers
Aromatic Functional
Polymers additives
N S
coveslro‘ —— Biolubricants oleon
~— s
e AN
(di)Phenol Bioactive
alkylphenols compounds tHuveprarya
(huscience
5 —— uscience
Silaas EASTMAN @
A »
INEQS KelAda




Examples of applications with monomers

OH OH O _0 O

HO HO




New chemical example 1: bisphenols
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O

High induction at
low dose

100%)

600 + Natural hormone

17-estradiol (E2)

‘KA

500 1 Bisphenols

400 T
Bisguaiacols
300 T
200 t+

100 1

Low induction at
high dose

Induction relative to vehicle control {;

0

-3 12 11 10 -9 -8 -7 6 5 -4
Concentration / log,,(M)

Fig. 3 In vitro screening of the estrogenic potency of bis(4-alkylguaia-
col)s via an estrogen-responsive reporter assay in human MCF-7 cells
(MELN assay). Three zones of sigmoidal responsiveness are indicated for
reference estrogen (blue), commercial bisphenols (magenta) and bis-
guaiacols (green). The individual test compounds: E2 (blue, @), BPF (dark
mag., <»), BPA (light mag., 1), BPE (mag., A), 4-methyl- (light green, 7),

4-ethyl- (dark green, ®), 4-n-propyl- (light brown, ) and 5-methyl-
(dark brown, A) bisguaiacols.

Patented technology BIOCON®

0 O 0 O Ol - Reduced binding
L/L extraction HCI with receptor
T + trimers,

Monomer Coupllng tetramers Crystalllsatlon

Isolation

Alternatlve o
for BPA Cl)L (or carbonate)

v

HO OH OO/
QL oo 0
_q
v o?o?”

Polycarbonate

For example:
m— : Polycarbonate plexiglass
—_— Covestro (Antwerp)

Koelewijn, S.-F. et al. Green. Chem. 19, 2561-2570 (20
Koelewijn, S.-F. et al. Green. Chem. 20, 1050-1058 (20
Trulleman et al. Polymer Chemistry 2021 (online)
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New chemical example 1: safer bisphenols
platform

Industrial bisphenols— EDC’s

0., oL OO

g

o
0 T

»sBPA o5 ».oBPF
Safer bio-based bisphenols
A O O o A2 O ‘ o
0
HO OH HO OH
-~
»pBGP o ppBGPesterE
o e
OH HO OH
ppBGPesterM
Fe@el fe@el
| OH Il OH | | OH Il OH |
mmBSF-4M O O mmBSF-4P
0 (o] o]
| l OH OH |
mmBGF-4E

Bisphenol platform

Trullemans et al. Polymer 202



NEW CHEMICAL EXAMPLE 1: SAFER
BISPHENOLS PLATFORM
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o Concentration - response curves

200

00%)

‘IT 150

N
L 125+

Rel. Induction [%] (

200
175
150

100
75
50

REE [%] (E2 = 100%)

25
0

1754

100

N [$)] ~l
(8] o (&3]
L 1 L

125 A

E2

MELN assay 150

Bisphenols
1254

100+

1 -
" Bisguaiacols

[$)]
o
I

Rel. Induction [%] (E2 = 100%)
N ~
b o

14

£
EEFPEE D

=R

04

O T ) T T il T il . ) T I
10-1310-1210-1110-1910-° 10-8 10-7 106 105 10-4 103

Concentration [M]

CALUX assay

Bisphenols

10-1310-1210-1110-1°10-° 10-¢ 107 10 10-5 104 10-3

Concentration [M]

—e—E2 —e— BPF (4b) —e— BGF (4e) A BGE (2b) --%-- BGPesterM (2d)

--u-- BPA (4a) & BPE (4c) --#- BGP (2a) -+ BGPacid (2c)
o Potency (Log(ECs)) and efficacy (REE)

] BPF ¢

1 BPE ¢

1 BPAR BPFO.

] BPE ¢ ®BGF-4M

1 ¢BGF-4E BGP‘BGF' ®BGPesterM

1 BSF-4M o BGE ¢

1 BGF-4P ¢ BSF-4P ¢ BGF-5M ¢

j BGPO  ,pGE BGPesterM papacid
e BOF OBGPacid

-7.0 -6.5 -6.0 -5.5 -5.0 -4.5 -4.0 -3.5 -3.0

Log(ECs)

€e¢ MELN assay << CALUX assay

Trullemans & Koelewijn et al. submitteg
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New chemical example 1: bisphenols LEUVEN

cyanate ester polycarbonates polyesters
resins

M6 LEG LPG

Koelewijn, S.-F. et al. Green. Chem. 19, 2561-2570 (20
Patented technology BIOCON® Koelewijn, S.-F. et al. Green. Chem. 20, 1050-1058 (20
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New chemical example 1: bisphenols LEUVEN

o Physical appearance - bisguaiacols

BGP (2a) BGE (2b) BGPacid (2c) BGPesterM (2d)

100 1 ——vunss s 0 ; Sy oy
] e N i 5 v gl
] s i ] R
7 2t i 1 b
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1 : H LY w 1A, {
] i = S o 6 12 b
20 T il Se T 10 i
] W 15 108 °C
1 S L FOR O o G sttt
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Patented technology BIOCON®
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NEW CHEMICAL EXAMPLE 2: GUAIACOL AND =454

SYRINGOL ESTERS - PLASTICIZERS

o Lo ot

o
g

<
PDL1 PDL4 PDL5 PDL6
M.W. = 402,66 M.W. = 418,66 M.W. = 448,69 M.W. =478,71
Yield: 68% Yield: 72% Yield: 76% Yield: 50%
\0
i °V\/© I V\/O/OH ‘l’ M"V\/@[ | J\/\A”/ \/\/i:[w
O/\/\OM O/\AOJ\/\/T :@/\/\o I T :@/\/\o I &la
N
PDL7 PDL8 PDL9 PDL10
M.W. = 382,50 M.W. =414,50 M.W. =474,55 M.W. = 534,60
Yield: 77% Yield: 88% Yield: 83% Yield: 44%

~,

:

{@“
o
|

~
on
H)Q H/Q/ )
o0 o o o o
o o 9 o o o | o 9 |
9 o
. | | o. o
o o °. ) o o
©M N /\/\O D/\/\ ) /v\@\ . ! [N
HO’ OH o HO’ OH
Ho on I )]
~ A

PDL11 PDL12 PDL13 PDL14
M.W. = 546,66 M.W. = 594,66 M.W. = 684,74 M.W. =774,81
Yield: 80% Yield: 88% Yield: 68% Yield: 57%

Submitted data 10 to 100 g scale



NEW CHEMICAL EXAMPLE 2: GUAIACOL AND
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LEUVEN
SYRINGOL PHOSPHATES - FLAMERETARDENTS

o
! O
N
0”7 | Yo P.
° oo
o

Sl

i o 7
I
oo

o
(Yi

P30OP

Commercial sample JN002-9

Yield: 51%

JNO011
Yield: 71%

G30P
Yield: 92% SCD296
Yield: 91%

JN022
Yield: 32%

P,,g\o/\ Q/\A
o

SCD314 SCD315
Yield: 96% Yield: 94%

PA” q QT LD

SCD316 JNOO7
Yield: 93% Yield: 80%

U, o 0

JNOO03
Yield: 83%



Drop-in chemicals example 2: Phenol

Chemical funneling of
monomers pool to phenol

|

R3

Carbohydrate Dimers
pulp oligomers \ -
OH Hy0

OH
‘ OH ‘
\Ni catalysts +CH4+H ‘ .ﬁ'ﬂ* @ +
2 ‘ Dealkylation ‘/
Demethoxylatlon

Verboekend and Liao et al. Green Chem. 2016; Liao et al. ACS Catalysis 2018; Liao et al. Appl Catal B Env.
2018; ACS Sust&Eng 2020; Liao et al. Science 2020;

Patented technology BIOCON®




Drop-in chemicals example 3: Catechol

softwood hydrolysis CH30H dealkylation

Wu X. et al. ChemSusChem 2022



What about utilizing the oligomers ?

molecular understanding of the chemistry

design towards applications
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LEUVEN
MOLECULAR WEIGHT DISTRIBUTION USING GPC

C — lignin-oil
—— n-hexane extract
residue
I\/IW
680450290205 125
i Mn
D

Signal / a.u.

T T T T T T |1| T T T T T T III T T L
10000 1000 100 10
MW / g mol

Liao and Koelewijn et al., Science 202



MOLECULAR INSIGHT INTO THE OLIGOMER
STRUCTURE : 2D HSQC NMR
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LE

UVEN
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Van Aelst et al. Chemical Science 202(
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LIGNIN OIL OLIGOMER FUNCTIONALITY AND e
MOLECULAR STRUCTURES

> 80% interlinkages and end groups were recently identified

; B-5 / B-B : B-1 ; 5-5
B-0-4 (A) 4-Propenol ! Phenylcoumaran (B) Resinol (C) ' Spirodienone (F) Dibenzodioxocin (D)
R OR ! R | R R
R N R (0] 0
) 3 Mok
R o7 o 0 O \ 0 o
OH R o) 0
@ OH N o
o o » O s OH © OH i
R
R g OR O R
R d | RO /o
\ OR ]
S e BN e M el o et \ A i
,+"4-Propanol 4-(3-methoxypropyl) s, ,'/.3‘5 Propanol -5 Ethyl \\\ // Secoisolariciresinol
! (Py-OH) (P y-O-Me) \ | (B-5y-OH) (B-5E ' 1 (B-B 2xy-OH)
! e ‘ - OR TEY o
Y R X g f ! R J_ O, y LR R W
| ® O ()
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Van Aelst K et al. Chemical Science 202




LIGNIN OIL OLIGOMERS MOLECULES LEUVEN
IDENTIFICATION: HT-GCXGC-MS/FID

K. Van Geem University Ghe

Y
o

Fou (a)

@

Derivatizing reagents

o}

5N

Lignin Ol

Trimers

N

Second dimension retention time (s)

o
O+

25 50 75 100 125
FlrSt dimension retention tme (mln)

-d
o

@

Derivatizing reagents

o

Oligomer
fraction

Dimers Trimers

Second dimension retention time (s)
N L
T =
e e
-

o
O+

25 50 75 100 125
FIYS‘ dimension retention time (mln)

Thi D D and Van Aelst K et al. Green Chemistry, 2022.



ILLUSTRATION OF IDENTIFIED DIMERS
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LEUVEN

1: R, = CHs; R, = (CH,),CH,OH

2: R, =R, = (CH,),CH,OH

3: R, = (CH,),CHs. R, = (CH,),CH,OCH,

4: R, = CH,CHs. R, = (CH,),CH,OH

5: R, = (CH,),CH,OCH,. R, = (CH,),CH,OCH,
6: R, = (CH,),CHs. R, = CH,CH,

12: Ry = CH,OH: R, = (CH,),CH,

13: Ry = CH,OH: R, = (CH,),CH.OH
14: R, = CH,OH: R, = CH,

15:R; =R, = H

16: Ry = CH4; R, = (CH,),CH,OH

17: Ry = CH,OH; R, = (CH,),GH,OCH;

25 p5 - 26:28:(-1 29: B-p 30: B-p
OH OH HO }J
& 26:Rs=CH; b
C 27 Ry=H G O
28: R, = CH,OH
OH oH ¢ o~
31: B-O-4 32:B-0-4 ¢
OH OH | | OH 0 O
© ' OH
OIH OH 33-36: 4-0-5
OH ! OH O 33 & 34: R, = R, = (CH,),CH,OH
Ho. O G@ 35: R, = (GH,),CH,OCH; ; R, = (CH),CH,OCH,

T
~0
Fg

Thi D D and Van Aelst K et al. Green Chemistry, 2022.

Ry

7:R,= R, = (CH,),CH,

8: R, = (CH,),CH,. R, = (CH,),CH,OH
9:R,= R, = CH,CH,

10: R, = CH,CHa,: R, = CH,

11: Ry = (CH;):CH-0H; R; = (CH),CH.OH

18: Ry = H: R, = (CH,),CH;

19: R, = CH,OH; R, = CH,CH,

20: R, = H: R, = (CH,),CH,0H

21: R, = CH,; R, = (CH),CH,OCH,
22 R, = H: R, = (CH),CH,OCH,
23: R, = CHy; R, = (CH,),CH,

36: Ry = (GH,).CH; : R, = (CH),CH,OH
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ILLUSTRATION OF IDENTIFIED TRIMERS ==

6

Thi D D and Van Aelst K et al. Green Chemistry, 2022.



RCF LIGNIN OILS COMPOSITION POSITIONS

LE

UNIQUE FEATURES FOR VARIOUS APPLICATIONS

henols / g ail)

Phenolic contenyfim

Aliphatic OH content (mmol OH / g oil)
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Number average molecular weight (g mc

Low dispersity D

Low molecular weight
MW

High functionality
(aliphatic OH)

Van Aelst K. Chem Commun 202
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EXAMPLE 1: LIGNIN OIL OLIGOMERS TO ———
RESINS, VARNISHES AND PRINTING INK

Rosi R d oil (methyl .
' Po?;clzrlls :sptZ?)ejin:slegieoily Pigments _ LAWTER

RCF | Ligni Resin Varnish Printing

lignin oil l Oligomers (solid) (liquid) ink
Monomers
. ’ “
- - s \\ 4 \;\
: ==
Methanosolv birch RCF birch wood lignin Y ‘
Vs h prepared from

wood lignin based resin oligomers based resin

S .

n (0]
i Varnish prepared from Var h prepared from Varnisl h prepared from
O o} a::rt‘alrsnm;cl:;resir? para-nonylphenol methanosolv bir hwood RCF birch woo dlg
kH Resole \ based resin Ig b sed re: oligomers based re:
O.
Rosin (e.g. abietic acid) Polyol
OH H o
0" ~0

Polyol (e.g. glycerol) 3
Maleic acid adduct Polyol

Replacing endocrinic nonylphenol oligomers _ _
Liao et al. Science 2020
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EXAMPLE 2: LIGNIN OIL OLIGOMERS TO EPOXY ==
RESINS, PURS, ...

RCF Filtration Removal Monomer Oligomer Oligomer Concentration Amine Epoxy
of mixture solubilized sugars  removal fractionation glycidylation  of prepolymer curing Resin
)
,'O\ Lignin
I Crude Lignin ollgomers P
1
l
1
Pulp Solub|I|zed L|gn|n TBAB Eplchlorohydrln DETA
sugars monomers Epichlorohydrin Salt, TBAB
NaOH
----------- Stateoftheart == === = c_cc e m e _Em == Focus of this communication —_——————
0

OH (L
|
o el <] /\ED " ? Functionalisation of
F ~ R - S— O._ phenols or aliphatic
—_— — - OHs

Van Aelst K. Chem Commun 202



EXAMPLE 2: LIGNIN OIL OLIGOMERS TO EPOXY =
RESINS - HIGH EPOXIDE CONTENT

KATHOLIEKE UNIVERSITEIT

1200
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900 A
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O RCF ™ Kraft & Organosolv X Soda ®Hydrolysis

High EEW value due to
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Number Average Molecular Weight (g mol?)
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3100 high OH (phenolic +

aliphatic) content
High degree of crosslinking

Dispersity Index

Van Aelst K. Chem Commun 20



EXAMPLE 3: LIGNIN OIL OLIGOMERS TO ———
BIOLUBRICANTS

KATHOLIEKE UNIVERSITEIT

With K. Bernaerts University Maastricht

Stable
lignin
fragments

High fatty acid High free
content phenolic
content

stability ‘
Iflbrtfwa':dﬂanﬁmrzidam = i — @
rneclogical T properties
performance P’f

=] QH

| OH
] OH
. W] CqeH
Castor oil DI::L/\/ \Q.-' o

Palmitoylated lignin

thermmo-
oxidative

Biolubricants formulation Possible application

Jedrzejczyk et al. ACS Sust Chem & Eng, 2021
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TAKE HOME MESSAGES

Lignin is still exciting research domain
Lignin is a biomass feedstock. Its usage can add to the sustainability goals
Lignin has large potential due to
Better molecular understanding
Development of new biorefineries producing novel lignins
That is capable of tailoring lignin properties
Ready for upscaling adventures
Integration in chemical industry as at the doorstep

Validate process-technical, economical and sustainability measures
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