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Utilization of Biomass
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A successful commercial example of biomass derived plastic

replacing PET
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Lignocellulosic

Biomass
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Phenolic monomers

Cellulose: 30-50%, Hemicellulose: 20-40%, Lignin: 15-25%
Source: Ritter S.K., Lignocellulose: A Others, 5-35% - Ash 3-10% (Si,Al,Ca,Mg,K.Na), Extractives: Resins, Phenols,

Complex Biomaterial, Plant
Biochemistry, 86(49) (2008) 15 Sterols, etc




Lignocellulosic biomass raw
materials

Agricultural and forestry residues/waste (wheat
straw, trimmings, tree branches)

Industrial wood processing residues (e.qg. sawdust)

Food industry waste (e.g. kernels, shells)

Municipal solid waste (e.g. waste paper)

Perennial or annual crops with high yield 1-4

ton/1000m?2 year (e.g. eucalyptus, pseudoacacia, A/gm/‘/’”d
willow, miscanthus, switch grass, cellulosic Olive kernels Snels
sorghum,..)
Agricultural & Miscanthus Robinia pseudoacacia
forestry ; - -

Resid




Blomass (agricultural) residues In EU-206 (2000-

2015)
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blomass (agricuitural) resiaues 1In e

——Qreece

Ciry tons'year

1600000
1400000 —
1200000
1000000 — 705.889 t
9.555t
BO0D00
BO0D00 —
300.480 t 995.324 t
400000 —
- Cotton residues - Straw
200000 —
- Olive tree pruning Tree pruning
D - . . . .
- Maize residues Vineyard pruning
B {Hive ree prunings O Codton sialks O Dunam Wheat sbraw
O Corn stalks O Soft wheal straw O Vineyard prunings .
3 Com cobs O Supar beet leaves B Earley straw - Olive kernel
B Chrangs ree prunings W Apple tree pronings O Rice stroa
E Peach tree pramings W Almond tree prunings B Crats stroa
B lemon ree prunings W Sunilower skraw [ Pear tree pranings
O Tangerine prunings [ Cherry iree pranings [ Tobacco siems

non, Eurobionet-biomass survey in Europe, Country report of Greece, 2008nter for Renewable Energy Sources & Saving, Greece, 2




Integrated lignocellulosic biomass valorization (Bio-
refinery)
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Hydrothermal pre-treatment (in pure

H.O)

Solid product
Cellulose +

1 S omnnine

Autoclave reactor Enzymatic

Hydrolysis
d Glucose

Biomass

Liquid product

Hemicellulose
monomers and
oligomers, xylose,
furfural, acetic, formic

Experimental
Severity factor (logRo) conditions:

(T-100)  “Temperature : 130-220°C o acid, etc.
#LSR: 15

“*Stirring: 400 rpm

C.K. Nitsos, K.A. Matis, K.S. Triantafyllidis, ChemSusChem, 6 (2013) 110 - 122
C.K. Nitsos, T. Choli-Papadopoulou, K.A. Matis, K.S. Triantafyllidis, ACS Sust. Chem. & Engin. 4 (2016) 4529-4544
C. K. Nitsos, P A. Lazaridis, A. Mach-Aigner, K. A. Matis, & K. S. Triantafyllidis, ChemSusChem (2019) 12 (6): 1179



Generalized reaction scheme

Hemicellulose hydrolysis at subcritical Sugars dehydration products
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Evolution or maln structural components In hydrothermally
treated saolids
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Xylose and furfural concentration vs. % hemicellulose
removal
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Catalytic hydrogenation of furfural:
General reaction mechanism-possible

routes
OH '
o ring
H, opening .
—> tetrahydrofurfuryl ----- + pentan(-di-)ols
T OH alcohol (THFA) H
0]
’ H, o
\ / — N\ / N \ 2- methylfuran 2-methyltetrahydrofuran
RO (MTHF)
furfural furfuryl
alcohol (FA)

/ furan (F —’ @ tetrahydrofuran
00 \ (THF)

0 Dominant pathways/products depend on catalyst type, reaction
parameters and solvent (acting or not as H-donor for inducing
transfer hydrogenation)

Y Wang, P. Prinsen, K.S. Triantafyllidis, S.A. Karakoulia, A. Yepez, C. Len, R. Luque, ChemCatChem 2018, 10, 3459- 34

Wang, Y., Prinsen, P, Triantafyllidis, K. S., Karakoulia, S. A., Trikalitis, P N., Yepez, A., Christophe Len, Luque, R. . ACS
Sustainable Chemistry & Engineering, 2018, 6(8), 9831-9844



Furfural derived chemicals and fuels
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2016,9, 1144-1189




Catalytic hydrogenation experiments of hemicellulose

stream
o) i HsC ©
» AW,
o Solvent, ! Z B
>~ Sy Q—/ H, source - O
— T, Catalyst o)
Furfural+Solve \@/&/OH

nt

Furanic compounds:
Furfuryl alcohol, 2-MF, 2-MTHF,
etc.

0 Solvent: Ethyl acetate, H,O, EtOH & IPA (as H, donor - transfer
hydrogenation)

d H, gas: 30 bar at room temp.

0 Temperature: 180 °C

(1 Caralvetr: Riit PA P Cii Ni ciinnarfed on Micra/macnnnratic Activiated Carbhon



Catalysts for furfural hydrogenation

Catalyst

Total |Total pore| Micropore
SSA volume | ,.ea (m?/g) /

(m?/g) (cc/g) volume (cc/g)

Meso/macro- pore
& external area
(m?/g) / volume

Crystal size (nm)

. (cc/qg)
(AACé')"ated carbon 1281 0.946 841 /0.343 440/ 0.603 ]
3%Pt/AC 1180 0.847 7597 0.309 421/0.538 13.6
3%/Pd/AC 1338 0.947 886 / 0.362 452/ 0.585 16.6
5%Ni/AC 1251 0.884 831/ 0.343 420/ 0.541 6.8
10%Ni/AC 1246 0.895 806 / 0.329 440/ 0.566 Ni(0) 23.5- NiO 6.1
10%Cu/AC 1172 0.828 768/ 0.313 403/0.515 Cu(0) 23.2 - Cu,0 16.6
5%Ni-15%W/AC 1025 0.720 678/ 0.276 347/ 0.444 SO 8 - B, 2 R
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Effect of reaction time & temperature

Solven Time T H, X 2-
Catalyst t (h) (cC) (bars) (%) FAL THFAL 2-MF MTHF
& O () @om
3%Pd/AC EtOAc 1 180 30 15.6 10.1 0.0 43.4
3%Pd/AC EtOAc 3 180 30 19.6 6.0 0.0 58.4 0.0
3%Pd/AC EtOACc 6 180 30 29.3 3.6 0.0 58.6 0.0
3%Pd/AC EtOAcC 9 180 30 34.8 5.8 1.1 74.6 11.5
3%Pd/AC EtOAc 6 180 30 19.6 6.0 0.0 58.4 0.0
3%Pd/AC EtOACc 6 220 30 43.4 4.4 3.8 69.4 13.2
5 OH 5
0 O H4C
/ R 3
7 — O — 0 — o

Furfuryl
alcohol

Furfural



Effect of catalyst type

SolvenTime T H, X 2-
Catalyst t (h) (°C) (bars) (%) FAL THFAL 2-MF MTHF

0

H o]
) QK/OH HSCU QCHS

3%Pd/AC EtOAC 3 180 30 19.6 6.0 0.0 58.4 0.0

3%Pt/AC EtOAC 3 180 30 72.9 3.5 1.5 74.3 0.0
M 33— 180 30 102 1 7 13 150

10%Ni/15%W-

AC EtOAC 3 180 30 53.7 18.0 5.4 42.1 0.0

0 Pt based catalyst were very reactive and selective towards 2-MF (polar, aprotic

solvent)

U Ni based catalysts exhibit also high selectivity to 2-MF but activity improvement

IS needed



Catalytic transter nhydrogenation or rurtfural (solvent acting as
hydrogen donor)

Yield (%)
FA THFA MF MTHF iPIOMF .

Conversion on S o
Entry  Catalyst (%) @) <j) g G/ )\ ba(l(z;(fl)ce

.
1 ) 2 6 0 0 0 0 104
2 10%Cuw/AC 24 20 0 2 1 1 103
3 3%Pd/AC 47 21 1 5 2 5 87
4 3%Pt/AC 93 47 1 24 3 5 87
5 5%Ni/AC 85 6 1 66 ) 3 93
6 5%Ni/ACP 10 10 1 1 0 0 102
7 5%Ni/ACC 95 20 1 50 1 1 78
8 5%Ni/ACY 87 13 1 9 D 0 38¢
9 5% Ni/AC! 67 38 i 7 1 13 103

2200 °C, 5 h, 0.35 M furfural in 60 mL isopropanol, 30 bars H,, ® 0 bar H,/200 °C, ¢ 0 bar H,/260

°C, ¢ In methanol, ¢ Unknown compound eluting at 3.8 min in GC analysis, not included (48 % of
carbon total peak area), f Spent catalyst recovered after the experiment in entry 5

Ni, Cu, Pt, Pd on micro/mesoporous

An example of the
successful collaboration ”~N EDEI:
between Greece, France ~ EUROPEAN COOPERATION
IN SCIENCE AND TECHNOLOGY
and Spain, involving =

training/exchange of young LIGN@L
scientists within the frame ;

of European COST Action

“LIGNOVAL’

Y Wang, P. Prinsen, K.S. Triantafyllidis, S.A. Karakoulia, PN. Trikalitis, A. Yepez, C. Len, R. Luque, ACS Sustainable Chem. Eng. 2018,
9831-9844

Y Wang, P. Prinsen, K.S. Triantafyllidis, S.A. Karakoulia, A. Yepez, C. Len, R. Luque, ChemCatChem 2018, 10, 3459- 3468

NoCat 3%Pd/C 3%Pt/C 10%CufC 5%Ni/C




Catalytic hydrogenation experiments of “real”

hemicellulose stream

H, (30 bar) | ! t
3%Pd/AC " 3
o 80% FF conversion
0] 0 O 0 . .
Y CHs > 95 % selectivity to:
| Y/ )J\OH HJ\OH Hok/\ﬂf o selectivity to

0]

OH

Aqueous side-stream from \O / O\/OH

Hydrothermal Pretreatment of O
biomass (beech wood) Furfuryl Tetrahydrofurfuryl
alcohol
alcohol



Enzymatic hydrolysis optimization (beech sawdust)

Hydrothermal Extraction Enzymatic hydrolysis
Pretreatment of lignin +
220 °C, 15 min (Ethanol) wet ball milling
Beech wood Pretreated Extracted Liquid
(Lignocel) » solid > solid » hydrolyzate

Cellulose42,1%

Cellulose 63,2%

Cellulose 77,0%

Glucose 99,3%

® Hydrothemal O Ethanol extraction @D Milling B Ethancl+milling

v

Xylose 99.3
Furfural %87
Acetic acid

[y
o
L=

]
L=

v, 39.9

FAL, 2-MF,
2-MTHF

4]
Q

Fe
L=

25.5

Enzymatic Conversion {wt. % cellulose
[ )
[=]

C. K. Nitsos, P A. Lazaridis, A. Mach-Aigner, K. A.
Matis, K. S. Triantafyllidis, ChemSusChem (2019) 0
12 (6): 1179

2200C-15min



“Whole biomass” valorization scheme at

: . _
Pretreatment exraction { hydrolysis
Parent | Pretreated ‘ Cellulose- rich |© ‘
Biomass solids i solids R "=
[
3 e Hemicellulose = \ ~~\.\\
i (§/lary Xylose) Lignin Hydrogenolysis =
Hydrogenation
Dehydration Hydrogenolysis N
Hydrogenation Fast Pyrolysis Sorhitol
: Sucar alcohols
F""f = Bio-oil
S F"ﬂ?’IMF (Phenolis Lir
B ot 10 EEALCGT Aromatics) I s
Chemo-catalytic processes

-
-

A synergy between thermochemical pretreatment, chemo-

and bio-catalysis is nhecessary for more efficient biomass

valorization
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