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Petroleum a non renewable
source of carbon

« The End » of fossil ressources

* Extraction becomes more difficult
* Process of heavier fractions

* Fluctuation of the prices

* Political use

Sustainability

» Neutral Carbon

» Renewable energy sources as an
alternative for chemicals and fossil
fue

K3 ANGRY EARTH
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Lignocellulosic biomass

v Abundant
v" Non competitive with food
v" Chemically interesting

Hemicellulose

Cellulose

Cellulose (30-45%) Hemicellulose (20-30%) » Lignin (15-30%)
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Challenges of the biorefinery

Compared to fossil ressources, biomass feedstocks are:

» More complex, highly functionalized, unstable,

» Containing more contaminants like O, S, N, but also Cl, P, Na, Ca, K, Mg, Si, Fe, Cr...
» Requiring polar/agueous conditions

Corn Stover

Tulip Poplar

LIGNOCELLULOSIC BIOMASS DIVERSITY
Pine

o
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Challenges of the biorefinery

Compared to fossil ressources, biomass feedstocks are:
» More complex, highly functionalized, unstable,

» Containing more contaminants like O, S, N, but also Cl, P, Na, Ca, K, Mg, Si, Fe, Cr...
» Requiring polar/agueous conditions

Lignocellulosic biomass diversity

Composition (C, H, L and others) variation
Feedstock storage and pretreatment
Increase infrastructures costs

Abundant but still limited...
Wastes must be valorized
Targets have to be well identified
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From the Refinery to the Biorefinery

Traditional Refinery

Gas
Oils (Fuels)

Petrochemicals
(15-20%)
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From the Refinery to the Biorefinery

Traditional Refinery Biorefinery

Bioftuels
and Biochemicals
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Catalysts for biomass conversion

« Catalysts are needed to improve yields and quality of bio-
oils and decrease char/solid formation»

 Metals (Ru, Ni, Fe...)

* Metal Sulfides (Mo, W...)

* Metal Carbides

 Metal Nitrides

* Metal Phosphides

* Metal Oxides

» Zeolites/ordered porous
solids

Bi-functionality
Acidic catalysts
Basic catalysts
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Pyrolysis Hydrolysis

Bio-oil (Sugars and lignin derivatives)
Hydroconvefsion

[ Biofuels or Biochemicals ]
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'mﬁ&é .. HDO of pyrolytic bio-oils

CoALQ, - /
. Me-CAT CRE

HDO with Guaiacol as model molecule | ¢" o | ;
: [:E:IfiH : [:::]// . condensation
: — — . and heavier
. - : d
= Metal sulfide catalysts g e substitution ' /pro "

= Support effect Lo A | @

&OCHS oy T OH L DD/O' E>*
_A, — benzene
DME ©
GUA CAT
o -

Intrinsic HDO rate 10%" mol.Mo at*.s™
12 10.8
10 |

X5 . . .
g - CoMoS/ZrO, | Direct deoxygenation reactions
6 .
_CHZ0H

4 A OCH3 Z
24 13 ©
0 - : guaiacol phenol benzene

COMoS/AI203  COMoS/TIO2  CoMoS/ZrO2

V. N. Bui et al., Appl. Catal. B: Environ., 101 (2011) 239 (Part I) and 246 (Part Il)
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HDO of Guaiacol in liquid phase

HDO of Guaiacol in dodecane
Hydroconversion of lignin in tetralin

CoMoS/ZrO2 ~ CoMoS/Al203 ~ CoMoS/TiO2

Analogy between gas-phase and liquid phase can be very limited

» Interaction with Solvent
Competition, solvating species, mass-transport limitations, structural
changes in catalysts....

» Interaction with other components (lignin)

Mixture of molecules for representative reaction

C. Sievers et al. ACS Catal., 2016, 6, 8286
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Bio-oil hydroconversion/stabilization

M. Ozagac PhD

Main Issue: thermal instability during the catalytic hydroconversion process

Biomass

Ni-Mo
heterogeneous

catalyst
Y

Aqueous phase
Stepl Step 2

. . Stabilisation Hydroconversion
Bio-Oil

Pyrolysis 100-250°C 250-350 °C -
10-20 MPa Refining

10-20 MPa
_ 0.6-0.7t Coprocessing
1t biomass 40-45%0 .
20-30% wet . 0.25-0.3t
Unstenle. acidic. 100% Partially Fully DeOx. Oil 0.2-0.25t
’ ' °  De-Oxygenated Oil 0<5% drop-in
oxygenates Stable Stable, neutral '
Immiscible in HC ’ biofuel

Mainly HC based

nouvelles

Catalyst used: reduced NiMo/Al203 Qﬁ Energies

-
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Choosing representative model mixture

Pyrolysis Bio—oil Chemical Composition

Sugars, acids, alcohols Furans, acids, alcohols Phenols, methoxy—phenols

|

Syringols
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Choosing representative model mixture

Pyrolysis Bio—oil Chemical Composition

Sugars, acids, alcohols Furans, acids, alcohols Phenols, methoxy—phenols

Levulinic Acid
Levoglucosan

o)
Syringols HOJK/\H/CHs
o}
O
)J\ OH
HO Acetic Acid
OH
| . OH
= 1,2-benzenediol
OH )

_OCHj3;
T

Guaiacol )
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Reaction scheme for glucose hydroconversion
Reduced NiMo/AI203 under H2 pressure, 250°C
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2 B-hexanedions
42 - H20

s
8 o
retro aldol
(%]
-

Macromolecules

—— Retro aldol

2H20
o LY e I T ~
\_Ti-lz-lz-: wo! o /l\ﬂ/ /KJ: s on — Decarbonyiation/Decarboxylation
+H2 o
e | s e e —~ Hydrogenation/hydrogenolysis ( EJT-EFHFEE
T s e nouvelles
| & Hydration/dehydration
/
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Model Mixtures HDT
Acetic Acid
Guaiacol |
30% | Glucose
100% 100% —————— % 100% -
° 100% ° M Losses
X 80% - % +—' i 9% -
g so% 80% 80% 80% H Gas
e 60% - 60% - 60% - 60% -
©
S 40% - 40% - 40% - 40% - o
2 ° ° ° ’ M Liquid
S 20% - 20% - 20% - 20% -
0% - 0% - [0% | 0% - .SOIId
D-glucose + furfural
= High solid Guaiacol (one organic phase) = Limiting residue production
production

The presence of guaiacol minimized residues production and increased liquid

(I Energles
M. Ozagac et al., Biomass & Bioenergy 95 (2016) 182 and 194 - nouvelles
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Hydroconversion of Bio-oil and guaiacol
HDT of bio-oil without and with guaiacol (50/50wt%) at 250°C on NiMored/Al203

Size-Exclusion Chromatography SEC-RI detector

t1BOmin

—— Raw bio-oil - = =10 - = =t180min —_—tl

Without guaiacol :
macromolecules formation

Nomalized RI signal

Molecular weight [PS equivalent [g/mol])

Doted lines: Bio-oil  Solid lines : Bio-oil/guaiacol mixture

r” # Energies
M. Ozagac et al., Biomass & Bioenergy 108 (2018) 501 A\ nouvelles

e -
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Conclusion on guaiacol effect in HDT of bio-oils

Hydroconversion of model compounds

D-Glucose + Furfural + Acetic acid with water
o Production of Macromolecules/solids

Blend with Guaiacol

o Solid residues production limited
o Guaiacol is stabilizig reactive
compounds precursors of solids

Hydroconversion of Pyrolysis Bio-oil
» Same trends !
» Representative

M. Ozagac et al., Biomass & Bioenergy 95 (2016) 182 A Energies
M. Ozagac et al., Biomass & Bioenergy 95 (2016) 194 (N | nouvelles
M. Ozagac et al., Biomass & Bioenergy 108 (2018) 501 .
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Stepl Step 2
. . Stabilisation Hydroconversion
Bio-QOil

Pyrolysis 100-250°C 250-350 °C -
10-20 MPa 10-20 MPa Refining

40-45%0 Coprocessing
20-30% wet

Unstable, acidic, 100%
oxygenates
Immiscible in HC

Partially
De-Oxygenated Oil
Stable
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Catalytic conversion of Pyrolytic Vapors

Aqueous phase

Aqueous phase

Hydroconversion
250-350 °C

Pyrolysis
10-20 MPa
40-45%0
20-30% wet

e Partially
0,
Unstable, acidic, 100% De-Oxygenated Oil
e Stable Drop-in Biofuel
Immiscible in HC p-1 IoTu

ANR project CATAPULT: CATAlytic

Pyrolysis to Upgraded bio-oilLs for a joinT

C. Torri et al., J. Anal. Appl. Pyrolysis, 88, 2010, 7. . .
P. T. Williams et al., Energy, 25, 2000, 493. PrOduCUOﬂ of chemicals and fuels
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Semi-continuous pyrolysis set-up

N, 100 mL/min

b .

Powder

s 22851 » The reactor, heated at 500°C, quartz tube containing
N __» two porous frits
e .
| Cvlinder Ml!semnd
\‘/ » The first frit stops char and protects the catalyst
4 supported on the second one
N, W |_ N, 400 mL/m;
( » A nitrogen flow of 6 L.h"! inerts the biomass injector
[ and 24 L.h! added in the reactor
o=l < o= (Possibility to add H, flow during pyrolysis)
» A condensing system collects the bio oil at 4°C
et » An electrostatic trap captures very fine oil droplets
- » A last trap with silica gel protects the micro GC used
for on-line gas analysis
Picture of the cosrer |
pyrolysis [remosictee
reactor 1 iy
| LA e

|t
y | i On-line

\ oot | | || GasAnalysis A. Margeriat et al., J. Appl. Anal. Pyrol. 130 (2018) 149

Trap (4°C) Silicagel Trap
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Zeolites catalysts

Catalysts BET ICP-OES analysis
(m%/g) (wt%)
HBeta 713
HMFI-90 (ZSM-5) 422
5%Ni/HMFI-90 392 (Ni) 4.7
5% Zn/HMFI-90 375 (Zn0) 4.9
5% Pt/HFMFI-90 406 (Pt) 4.8 H-Beta BEA MEFI (ZSM-5)
5% Ce/HMFI-90 400 (Ce02) 4.7 Structure Structure

Preparation of catalyst 5%M/HMFI-90 by incipient wetness impregnation
= Precursor used : M(NO;),, 6H,0

* Dryinair (25°C) then in oven (100°C)

= Calcination at 550°C during 5h

* Insitu reduction at 500°C under 10% H,/N, (500 mL/min) during 1h

» catalyst-to-biomass ratio of 1:10

A. Margeriat et al., J. Appl. Anal. Pyrol. 130 (2018) 149
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Bio-oil recovery protocol

H-MFI-90 Thermal

Protocol 3 . .
Bio-oil Centrifugation
| My
4000 rpm, 4 min
Aqueous phase
-
Evaporation
Centrifugation 60°C, 100
mbar
_ v
| | |
. B Recovered
Aqueous Organic phase Recovered phase
phase phase

A

| ) | — Y Gathering

2 phases
grouped
together
s Analysis
A. Margeriat et al., J. Appl. Anal. Pyrol. 130 (2018) 149 23
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Analytical strategy

Ash and water content

Elemental analysis

Gas composition

Molar mass distribution

Molecular composition

Water content

Chemical functions

Textural Analysis Surface & Pore volume

ICP-OES Metal content

XRD Phase identification

Microscopie Metal particle size

» Multi-technigues analysis of the fractions and catalyst
» screening of catalysts is time-consuming !!!

A. Margeriat et al., J. Appl. Anal. Pyrol. 130 (2018) 149 24
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Catalyst-to-biomass ratio : 1/10
T: 500°C (pyrolyse); catalyse (470°C)
Mass balance > 95(wt%)
97,9 99,3 95,1 98,9 101,3 In the presence of
100 b ° | : catalyst
Gas
80 34,0 37,5 36,1 40,2 44,5 Increase of gas
—~ fraction with catalysis
® Aqueous ?
phase =60
S
&
= Organic % Increase of .
phase < 40 aqueous fraction
3
m Char = Decrease of
20 organic fraction
o Total
0
Thermal HBeta HMFI-90 5%Ni/HMFI-90 5%Ni/HMFI-90
(1%H2)

A. Margeriat et al., J. Appl. Anal. Pyrol. 130 (2018) 149
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100 53 r\M

" » With a catalyst, gas phase is carbon
80 ’ Gas enriched
31,9
B Aqueous phase
~ 60
=
5 Il Organic phasel
bt
Q
§
= m Coke on CatalySt\
S 40
.§ 63,6
K ® Char 60
50 46,2 48,2
20 o Total < 40 uC
< 5 29,3 =0
~ "H
20
0 10 53 6,8
Thermal 5%Ni/ HMFI-90 0 . =
Thermal 5%Ni/HMFI-90

A. Margeriat et al., J. Appl. Anal. Pyrol. 130 (2018) 149
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Thermal Bio-oil
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Van Krevelen diagram of organic phase

1.8
16 Goal
14 @
1.2 . @ Dry wood
O 1.0 - @® Thermal
To08 1 = @ H-MFI-90
etals ,
0.6 A 5%N1/H-MFI-90
04 - A 5%Zn/H-MFI-90
02 A 5%Ce/H-MFI-90
0.0 A 5%Pt/H-MFI-90

00 01 02 03 04 05 06 0.7 08
O/C

* Presence of metals on H-MFI-90 decreases O/C and H/C ratios
H, addition is necessary to upgrade bio oil

A. Margeriat et al., J. Appl. Anal. Pyrol. 130 (2018) 149
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Conclusion on catalytic conversion of pyrolytic vapors

= (Catalysis plays a role in the composition and stabilization of the bio-oil
= Metal/HMFI catalysts are good candidates to convert pyrolytic vapors
= Catalyzed bio-oil is more stable (conversion of small acids, aldehyde and ketones)

» Characterization of bio-oil needs improvement (25-33 wt% quantified by GCxGC-FID)

- T‘B @dcirad
A\’ I I C ‘I LA RECHERCHE AGRONOMIQUE
POUR LE DEVELOPPEMENT

S. Eibner et al., Appl. Catal. B: Env., 219 (2017) 517
A. Margeriat et al., J. Appl. Anal. Pyrol. 130 (2018) 149
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Catalytic Lignin conversion  rundedbyanr

lacep

The only natural abundant precursor for aromatics: what is native lignin ? o

ToTAL

B-0-4 Iinkage\
HO

-O-4 Ether linkages - "o o/\

50-80% or more of the measurable inter-unit linkage types

Early-stage Catalytic Conversion of Lignin HO MeO™ 4 ; OH
(ECCL) in LC or “lignin-first” approach HO HO/\ ©

4 sl
MeO™ 4 B OH
High phenolic monomers yields ! o on

[ R.Rinaldi et al.,, Angew. Chem. Int. Ed. 55 (2016) 8164
[ W. Schutyser et al., Green Chem., 17 (2015) 5035
T. Parsell et al., Green Chem., 17 (2015), 1492




What is (technical) lignin ? id . [,

—

’ Ethanol

80 Millions Tons per year

Native Iignin Technical lignin

g Fractionation

Syringyl
: & ® Gyu:iacyl

@ p-Hydroxyphenyl
------ B-O-4 linkages —— C-C linkages in native lignin ——— C-C linkages formed during fractionation

Unbreakable by catalysts

Breakable but inaccessible by catalys

Breakable and accessible by catalysts

Low conversion
— and low reaction
efficiency

Highly branched structure

Strong intramolecular force
Low solubility in solvents

L. Shuai, B. Saha, Green Chem. 19(2017) 3752
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- Robust (S-, N-resistant,....)

- Not expensive

- Hydrogenolysis of C-O bonds

- Weak hydrogenating behaviour

Hydrotreating sulfide catalysts
Based on Mo or W
With Ni or Co as promoters

Co-sulfide

In literature:
Ru, Pd, Cu, Fe and Ni catalysts

Phosphides (Ni, W, Mo) « CoMoS » Active phase
Carbides (Ru, Mo)

CoALD, -

LL) H. Topsoe et al., J. Catal. 68 (1981) 433.
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Lignin Catalytic Hydroconversion

Reflux Condenser 1 Condenser 2
Hydrogen reservoir B0bars B0 bars 80 bars
150 mL 25°C 4°C

Coriolis Pressure
meter regulator

MeO 5/ - om . . :
o L Mfé Liquid products

o BB g OMe - i E &pamr
I@ Quz =4ONI/h Botom1  Separine uGC/TCD
Ly e o AT B0 bars Bottom 2

¢! o on MO L »
Q‘ d 3 80 bars aseous products [ic(e

T » Gas flow controllor

BS _on @/
HO' )
Meo

Lignin: 30 g G"‘_” ! Liquid + solid products
0 L
COMOS/ Al20s 10 wt% Products recovery protocol
Tetralin (70 g) |
CSTR
350 °C Pt =80 bar 80 bars
Nitrogen reservolr 300 mL
THF-Soluble Solids Insoluble Solids
GPC CHONS CHONS
13C NMR GPC
GCXGC NMR (1D and 2D)

J. Pu et al., Appl. Catal. B: Env. 256 (2019) 117769



IRCELYON

During the heating stage :
structural changes already occured
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Catalytic hydroconvers _ gas
O
- 4
to t ¢ I ton | o =
0 1h 3h 5h 9h °>’ 2\: 3 COZ
350°C s 3,
I=
S ' oo "
4 }
Ambiant T 100% - e—— ] 0 €2-C5
4 0
80%
. W Gases
v = Aqueous Phase Mass balance: 96-98 wt% for all
60% )
35-38 mn Monomers experlments

H Miscible unknown

W Miscible oligomers ppted
40%
W THF-soluble lignin

B THF-insoluble lignin

20%

0%

Liquids = Miscible oligomers
precipitated

+ + aqueous + unknown
fraction

THE-soluble lignin = Lignin residue
THF-unsoluble lignin = solids (ash)
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: 5
Catalytic hydroconvers gas
©
S 4
S
to  tin t3n tsh toh | o 52 3 co,
>
350°C 53,
€
3 1 CH co n
4 -
Ambiant T 100% o 0 €263
A 0
80% Decarboxylation of -COOH
. B Gases
. \'\ m Aqueous Phase 80 Aliphatic OH (31P)
60% Monomers bgn COOH (31P)
B Miscible unknown = 60 caliphatic-o'c (13C) H.O
W Miscible oligomers ppted ‘=° COZ
40% 5]
B THF-soluble lignin g 40
B THF-insoluble lignin ;
% © 20
20% g
£
0 seees BN 00
0% lignin P1000 Oh

Depolymerization
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Catalytic hydroconversion results

Monomers identification and quantification (Yie'd) Monomers (GCxGC)
wt%

Alkanes

3D-view: liquid in batch reactor 10 Naphthenes

B Aromatics
Benzenediols
Dimethoxyphenols
Methoxyphenols
5 B Phenols

Solvent
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Catalytic hydroconversion results

10 oas
to tin tsn tsh I
° 0]
350°C - 2 6
v X
Ambiant T E
=]
100% o I
W Gases
80% . .
’ Demethylation or demethoxylation
® Aqueous Phase .
£ 140
60% Monomers E" 120 W OCH3 3C NMR
3 ngnln residues
M Miscible oligomers ¢ zz
40% unknown % 10
W Miscible oligomers £ 1 .
pptEd ) lignin P1000
20% B THF-soluble lignin 31P MR
| -OMe | -OMe T —
0% TP _’| = \%
CH; OH CH, OH  CHs OH
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Catalytic hydroconversion results

to tin t3n tsh ton ti3n

Cobling
Depréssurization

Ambiant T

100%

wit%

80%

60%

40%

20%

From Coriolis and
pn-GC

From separator/
condenser

Liquids GCxGC

Precipitation of
liquids =
oligomers

?

THF extraction

No solids
1 2 3 4 5 6 7 8 9 10 11 12 13
Time (h)
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Catalytic hydroconversion results
Evolution of monomers (GCxGC)

GCxGC-MS: identification = GCxGC-FID: quantification with internal standard

21~ ™ Aromatics

L — |
\ | ‘ @
. & Phenols

Liquid in condenser



o2 ﬁ

IRCELYON

Catalytic hydroconversion results
GCxGC Liquids

Syringyl

OH

ouacﬁjocm

W Alkanes

Demethoxylation

.................................... . B Naphthenes o
M Aromatics -

8 i ® Catechols __OCH; -OMe
B Methoxyphenols é

4 B Dimethoxyphenols : OH
B Alkylphenols Guaiacy\’ ©|

0 +: :

H H _M
0 1 3 is 9 13 OMe R

Reaction Time (h) Phenol

16

[EY
NI

Yield (wt%)
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Catalytic hydroconversion results

GCxGC Liquids o
20 fjm
e

W Alkanes @CH

: @ Naphthenes
: m Aromatics

Catechols

Yield (Wt%)
| T
o
- N
B
% ?

l Methoxyphenols
l Dimethoxyphenols
: W Alkylphenols

1
B
N R
.
L 1

: 5
Dl
Ve
O

0 1 3 =....5 .......... R 1 3 od od
Reaction Time (h) Guaiacol HDO studies

» After 13h, aromatic, phenols and alkanes

N . ..
represent 17 wt% of the sta rtmg Ilgnm Bui et al., Applied Catalysis B: Environmental, 101 (2011) 239
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CoMoS/Al203 catalyst evolution

C, S content

A Volume pore (cm3/g) B Pore diameter (nm)
@ Surface Area BET (m2/g)
C 10
o - 200
o
S8EC o ©
E - 150
6 L S n
4 - 100
2 - 50
— 0 AAA .................................................................... A 0
Fresh t0 1h 3h 5h 9h 13h
-1 1 3 5 7 9 11 13

Reaction time (h)
» Low impact on catalyst properties after the heating step
» Still sulfided after 13h reaction
» HDO Catalytic activity until 13h
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Conclusion on lignin catalytic hydroconversion to monomers

After 13h hydroconversion 4.4 g of monomers coming from aromatics were formed over
30 g initial lignin (15.4 wt%)

Initially:
= 2 mmol/g of ether inter-units linkages (3-0-4 and 4-0-5)
=  Aromatics units quantified in lignin: 44 wt% of potential « CeHeé » units,

After 13h on catalyst:

= No more ether bonds !

= 15.4 wt% aromatics units are obtained : thus 29 wt% still remain in oligomeric fraction
(and lignin residue)

= Not released as monomers because of C-C bonds

Message

Technical lignins will not allow to obtain high quantity of monomers but worth to be valorized.
Catalysts for selective C-C bonds cleavages are required
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General Conclusion

v’ Development of characterization techniques

v Still need of selective and resistant catalysts for lignocellulosic

biomass conversion

v’ Valorization of the wastes to reach circular economv

Thank You | ?.?

Christophe Geantet Alexandre Margeriat
Chantal Lorentz Mathieu Ozagac L
Nolven Guilhaume Junjie Pu

Yves Schurmann Van Ngoc Bui



