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Context

* In Slovenia, the ,Technologies for sustainable biomass
transformation and new bio-based materials“ are a part of the
,Networks for the transition to circular economy*

 ,Networks for the transition to circular economy “are 1 of 9 S4
(Slovenia’s Smart Specialisation Strategy) Priority Areas

* The Priority Area is coordinated by a national cluster-like entity,
Strategic Research and Innovation Partnership (SRIP) Networks
for the transition into circular economy

SMART
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Why even interesting?

* |nterms of relative forest coverage, Slovenia is the third in the
European Union after Finland & Sweden
(http://www.slovenia.si/slovenia/country/geography/slovenia-a-
land-of-forests/).

e Existing chemical industry is strong (at least 25% among 15t 20
companies considering revenue or employees).

* There’s aninterest to increase bio-based product share
(European Bioeconomy in Figures 2008 — 2015, BIC, 2012, BIC,
2018).

(Source: http://www.slovenia.si)
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* European ,Valley of death”: model of risk profile for companies of
Innovation processes.

* Slovenian (additional) ,Valley of death”: lacking basic/commodity
chemicals.

e lLarge-scale biomass bio-refinery optimal for Slovenia?

(Source: James Dacey, Navigating the
valley of death, 2014)

the vall death
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B8

basic research product development market penetration
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Local (hence smaller) bio-refinery concept (Slovenia)
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Local (hence smaller) bio-refinery concept (Slovenia)
(ctd.)

e Strength: abundant biomass resources / willing industrial
partners.

*  Weakness: middle of bio-chemicals/materials value chain missing
/ very high-CAPEX technologies.

* Threat: loss of competitive market advantage / not developing
own bio-based processes (buying them).

* Opportunity: companies with strong bio-based interests / state-
of-the-art chemicals or plastic production.

BRIDGE
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Industrial symbiosis

MINISTRY OF ECONOMIC DEVELOPMENT

Cascading use of biomass

Rather than burning most of biomass,

various useful primary and secondary

raw materials can be obtained from it
by extraction, decomposition and

What is waste to some may be useful
raw material or energy source for the
others. This partnership focuses on
closing materials loops and opening

Circular economy

By forming local socio-economic
circles, we are optimising rotation of
production means, thus empowering

ourselves and the environment.

from use to re-use, from habitation to
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CELCYCLE

Discarded potentials of biormass

QO

New value chains

By redesigning system of values,
thinking and acting, changes can
occur. From working to co-working,

(CEL.CYCLE, 2019)

reprocessing. new opportunities.
Syngas pre-treatment Sorption Enhanced ‘ Electrochemical Hydrogen
Reforming: H,/CO, separation compression
Syngas RO KRN | OmPr=
+5% efficiency +15% efficiency ' +15% efficiency
Biomass gasification
co,

GNVERGE

CrbOM Veberietise 18 Emargy-offeiers Srees s

co-habitation.
Enhanced Methanol Iﬂ”‘/GI -/
Membrane synthesis 8 faen
+10% efficiency i ~ Production
} j=—1

(CONVERGE, 2019)
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Related CCU showcase projects:
MefCO2 / FReSMe

"\

'WATER ELECTROLYSIS

| —
H METHANOL PROCESS
| e — ki
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=
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FRoM RESIDUAL STEEL
~ GASES 1o METHANOL

Methanol from CO2 Blast Furnace gasses to be used as ship
transportation fuel

ELECTROLYSER

FOWER PLANT

Tepe

CARBOMN CAFTURE FLANT

< s

(MefC02, 2019)
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(FReSMe, 2019)
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Related showcase projects:
OPERH, / ADREM
MICROWAVE REACTOR GAS-SOLID VORTEXREACTOR

Microwaves
» .. I
D

= Gasflowin =) Gas flow out/Product ® Gasflowin = Gas flow out/Product
NON-THERMAL PLASMA REACTOR TEMPERATURE GRADIENT
PLASMA REACTOR
:
L 5
(SRIP, 2019)
# Gasflowin =) Gas flow out/Product ) Gasflowin = Gas flow out/Product

(ADREM, 2019)
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Bio-based company examples: Helios
Resource: oleo-chemicals
Product (i.a.): coatings

(Helios, 2019)
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Bio-based company examples: Melamin
Resource: bio-methanol
Product (i.a.): resins

(Melamin, 2019)
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Bio-based company examples: Tanin

Resource: wood
Product (i.a.): furfural

(Tanin, 2019)
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Bio-based company examples: Acies Bio
Resource: whey
Product (i.a.): chemicals

(Acies Bio, 2019)
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Thank you for your attention!

Contact:

Blaz Likozar
blaz.likozar@Kki.si
T: 00386 1 4760 281

KEMIJSKI INSTITUT

Investment is co-financed by the Republic Slovenia and the EU under the European Regional Development Fund
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Department of Catalysis and Chemical Reaction Engineering | National Institute of Chemistry gt

National Institute of Chemistry, Slovenia
Department of Catalysis and Chemical Reaction Engineering

Research topics

* Research subfield: Carbon dioxide activation

* Research subfield: Methane activation & conversion

* Research subfield: Hydrogen & fuel cells & electrocatal.
* Research subfield: Pharmaceutical process engineering
* Research subfield: Biomass-derived building blocks

TBMCE 2018 | Portoroz | 6. September 2018




CONCEPT: BIOREFINERY

Fuels
Solvents
Platform chemicals
Polymers
Fine chemicals

5
=




PAST WORK: 1°T GENERATION BIOFUELS

* Transesterification of vegetable oils

* Novel kinetic model based on different glyceride and fatty acid

Methanol phase (M, KOH)

Separated methanol
and oil phases

Oil phase (TG, DG, MG)

ester composition

* Integration of thermodynamics, fluid mechanics, transport

phenomena and chemical kinetics

* Batch, continuous and membrane reactor operation using
homogeneous, heterogeneous inorganic and enzymatic catalysis

Sodium Salt of the Fatty Acids (Soap)

1.  Blaz Likozar et al., Fuel Process Technol., 2016, 142, 326.
. BlaZ Likozar and Janez Levec, Appl. Energ., 2014, 123, 108.
3.  BlaZ Likozar and Janez Levec, Fuel Process Technol., 2014, 122, 30.
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Market size and price of glycerol derivatives
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G.M. Lari, G. Pastore, M. Haus, Y. Ding, S. Papadokonstantakis, C. Mondelli, J. Perez-Ramirez,
Environmental and economical perspectives of a glycerol biorefinery, Energy Environ. Sci. (2018).



Catalyst Testing

Process Integral Development

T

Microactivity Reference (PID Eng&Tech):

(i)
(ii)

(iii)
(iv)

Reactor Characteristics:
Maximum working pressure up to 100 £ 0.
bar.

Maximum working temperature up to
7002C * 1°C.

3x high precision mass flow controllers with
digital communications.

It operates with flows that range from tens
of ml/min to even liters/min.
Thermocouple placed directly in catalyst
bed.

mass flow controllers for feeding N, (Messer, 99.999%);

a high-performance liquid chromatography (HPLC) pump for
the feeding of the glycerol solution;

a tubular stainless steel microreactor (i.d.=6 mm) heated in
an oven, and

a liguid—gas separator located downstream of the reactor
and kept at 273 K.

GC-MS Agilent 7890A with
Agilent 5975C mass
detector

DB-WAX Ultra Inert
30m, 0.25mm, 0.25um GC column



Catalyst Testing

Setup is used for the Continuous Gas-Phase Conversion of Glycerol

Electric forced convection

Reactor thermocouple heater

10 pum filter
Liquid evaporator

Autoclave Engineers
tubular reactor

6 port VICI-VALCO valve (for reactor by-passing)

Reactor furnace

Extra 6 port valve (optional)

Micrometric servo-controlled valve for
pressure control (optional)

10 um filter




Proposed reaction pathways from
glycerol to allyl alcohol

Glycerol
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Comparison of glycerol and glycidol compounds

Chemical | Chemical . N

Name Formula | Structure Price S/kg Application
OH Cosmetics, soaps, pharmaceuticals and
Glycerol | C;H 0O, HO\)VOH 0.1-0.6 |personal care products, food and

tobacco industries.

Chemical intermediate in organic
synthesis, precursor of pharmaceuticals,
OH perfumes and cosmetics, detergents,
Glycidol | C.H.O @ 546- paints, c.jemuI5|f|erjs.,.dye levelling agent,
377672 I/\ 24200 |synthesis of antiviral and analgesic

drugs. Especially an important group of
antiviral  drugs constitute active
compounds fighting HIV.




e Green Lizard Technologies
(GLT)

* Queen's University Belfast

 Dixie Chemicals and Felda
Global Ventures

If the pilot plant is successful,
GLT and its development
partners will invest around
£17m (US$ 25m) for a full-
scale production plant, which
could open as early as 2021.

https://www.thechemicalengineer.com/news/
green-glycidol-pilot-plant-in-the-uk/

O
OH 0 N - OH
T terificati Decarboxylation O /
HO._J_OH + N e L Che
Catalyst atalyst i
) Glycidol
Glycerol Dimethyl carbonate OH

Glycerol carbonate
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Conclusion

Allyl alcohol and glycdiol are perspective
products as the chemicals targets in the
glycerol biorefinery.



PAST WORK: 1°" TO 2NP GENERATION BIOFUELS

T -

" 4
-
-

LIGNOCELLULOSIC
BIOMASS

S

2+ CO-» CH30H

METHANOL
GASIFICATION

LIQUEFIED
DIRECT WOOD [EATALYTIC
LIQUEFACTION _l UPGRADE |—.
N
CATALYIST
+
GLYLEROL TETRALIN
RECYCLE 3
v
TRANS-

ESTERIFICATION

NON-EDIBLE VEGETABLE OIL

——» BIODIESEL

f

UPGRADED
LIQUEFIED



Solvolysis

PAST WORK: 2"° GENERATION BIOFUELS . 220
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Miha Grilc et al., Biomass Bioenerg., 2014, 63, 300. ‘!’ Highly Cited Paper
Miha Grilc et al., Appl. Catal. B., 2014, 150, 275. "W Highly Cited Paper
Miha Grilc, et al., Appl. Catal. B., 2015, 163, 467. \!1 Highly Cited Paper
Miha Grilc et al., Catal. Today., 2015, 256, 302.
Miha Grilc et al., ChemCatChem., 2016, 8, 180.
Miha Grilc et al., PCT Patent, 2016, PCT/IT2016/000140
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BIOMASS TO FUELS: OIL REFINERY ANALOGY

Conconlnmn > PAmin °T'”““' -> gffa::":'n: ‘-’ " g Pm"gg'm“ T Hydrogen
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(HEMI)CELLULOSIC BIOMASS

l

H,O N
>[ Extraction Liquid EXTRACTIVES

(vitamins, flavonoids, terpenes,
terpenoids, phenolic compounds)

Solid
HC
CELLULOSE
(glucose)
Precipitation —>
. HEMICELLULOSE
LIQUId (C5 sugars: xylose, mannose, glucose,

galactose and sugar acids)



EXTRACTIVES

e Bark extracts — soluble in water and organic solvents
e Use as a nutritional supplement
* Antioxidant activity

Estimated value on the market: 2000 €/kg

The development of:

O separation, S Value-added components:
AI M o isolation, * Flavonoids
o purification methods. ' * Polyphenols

Bilobil 12

trde kapsule

flavon © flavonol © flavanon ©



EXTRACTION METHODOLOGY

PRE-TREATMENT » ISOLATION » PURIFICATION

Pre-treatment: PRE-TREATMENT IMPORTANCY OFTEN NEGLECTED

 Cutting ON THE BENCH SCALE

« Milling « Significantly affects the isolation step (scale-up)

e Vacuum drying e Aim: Ir?;rlgase of the surface area and target
e accessibility

* Lyophilisation . * Hazard: Degradation of target components

* Steam/COz explosion * Hazard: Can significantly contribute to the

investment/operation costs




PRE-TREATMENT » ISOLATION » PURIFICATION

Classic extraction methods:
* Water extraction

e Organic solvent extraction
* Acid treatment

Green extraction: L e T
* Supercritical extraction A W | a o

VA
DES extraction L

Physical-mechanical assistance:
* Ultrasound
* Microwave
* Electroporation
SOLID-LIQUID EXTRACTION
* Solvent extraction (water, ethanaol,
acetone, EA, DES)
e High pressure and supercritical extraction
e Assisted by: ultrasound, microwave,
electroporation
 Parameters: t, T, S:L ratio, solvent type




Available analytics

« GCMS

* UHPLC

* UV-VIS (online)
* NMR (online)

* FTIR (online)
 FBRM (online)



PRE-TREATMENT

ISOLATION

» PURIFICATION

Purification methods:

* Antisolvent precipitation
* Re-extraction

* Chromatography

* Filtration

e Centrifugation

* Distillation



Benchmark: Flavonoids extraction from bark

< Freshbark  —SEETINIVIEES » ISOLATION » PURIFICATION

Sieving
90% dry, 1-10 mm bark fraction

H,0 70 °C .

2 Aqueous bark extraction H,O
Centrifugation ——>Wet bark T
Vacuum distillation
DIS
Solvent A TIL
Liquid-Liquid extraction Solvent A ATE
: Aqueous phase | on
Phase separation
\l/Organic phase
Solvent A _ Solvent A

<— Evapor. concentration
DIS
Solvent B - ¢ - Solvent B TIL
— > Precipitation ATE
Filtration Solvent B ION

| Vacuum drying |




(HEMI)CELLULOSIC BIOMASS

l

H,O N
>[ Extraction Liquid EXTRACTIVES

(vitamins, flavonoids, terpenes,
terpenoids, phenolic compounds)

Solid
HC
CELLULOSE
(glucose)
Precipitation —>
. HEMICELLULOSE
LIQUId (C5 sugars: xylose, mannose, glucose,

galactose and sugar acids)



Appearance: White crystalline powder
Chemical formula: (C,H,,0s),

Cellulose from wood: 300 — 1700 units
Cotton flbers 800 10 000

Cotton fibers >
90 % of ¢

Cellulose %&wﬁﬁ

cellulose fiber

p TR B
AR
cellulose fiber:

CH,OH H OH CH,OH H
O O

H ™ OH CH;OH H ™ OH CH,OH

( H OH

H % OH
CH,0H

3 r (,” uuul L|near‘ polymer' Of
» | / | mou B(194) |Inked
<: N 7 * D-glucose units

Cellulose consist of crystalllne and amorphous regions.

Different crystalline structures of cellulose are know 2>
corresponding to the location of hydrogen bonds between and
within strands.

Treating with strong acid = amorphous regions break up =2
producing nanocrystalline cellulose




Cellulose conversion

Cellulose CH,OH
OH o Hvdrolvei o CHEMICALS
i 0 Ho ; ot ydrolysis OH a PLATFORM a FUELS
o H,0; aci N i MOLECULES SOLVENTS
y OH 4, OH POLYMERS
( CH,OH ’ 5 \
Glucaric acid and Adipic 0 0, / air O OH OH 2
— — e Ho
acid production from QH catalyst HO%OH catalys MOH
cellulose on OHOH
Glucose Glucaric acid Adipic acid
f CH,OH o \
o) dehydration HO © X0 rehydration J\/YCH‘"’
5-HMF and Levulinic acid OH catalyst \ m > Ho
. OH OH 0
production from o
cellulose SR Levulinic acid

Glucose
\_

furfural

+ formic acid




O

Adipic acid HOMOH

O

* 3.7 billion kg produced annually Py

* 7 billion UDS/year

* 75 % of the total output is used as a monomer for nylon 66 production
(polycondensation reaction with hexamethylene diamine)

H
C ( C c —_— - - AN~
H H H H; H, \ N C /-
v H - H H
Adipic acid (n moles) k

w b e :

C s C N H C (o _CO,H H H H H, H,

nH,N C C C +t nHO—C C ( ( C C C C
Hexamethylenediamine (n moles) nH,0 N

Appearance:

Chemical formula:
Molar mass:
Melting point:
Solubility:

White crystalline powder
CeH1004

146.14 g mol -1
T=152.1°C

soluble in MeOH, EtOH,

acetone, H,0O




Adipic acid production

1. Conventional petrochemical process

HO
X

=

PHENOL

X

»

X

>N
7

H,

N

=
BENZENE

CYCLOHEXENE

CYCLOHEXANE

alr

oxidation\

~

Q
a5

KA MIXTURE  \

e

(cyclohexanone
Cyclohexanol)

N

y

OH

A4
0

YCLOHEXANOL©

HNO,

oxidation

A4

ADIPIC ACID [=

HNO,

oxidation

H, /L
v |
N o \

Low conversion (4-11 %)

Flixborough disaster 1974

N,O & NO, formation
Exothermic reaction




Adipic acid production

1. Conventional petrochemical process ( <3
0 OH ©) -crude oil as a feedstock

i HO -benzene as a reactant
O 0,, 8~15 atm _ . Cu’, NH4VO3 ‘ OH + N,O -low yields
o o (0] -runaway exothermic reactions = explosion risk
° . 50~65% HNO Y P
Co & Mn salts,>125 °C ;A-OII 70~90 ooc 3 100% conversion + others - High cost of corrosion resistant equipment
4~11% conversion 93-95% selectivity
~85% selectivity

ALTERNATIVE PROCESSES Companies investing on the

development of alternative

. . routes:

2. Bﬁ'{gloglcal process Amyris, Bioamber, Genomatica,
oor) ¥ oo Verdezyne

(s \)

Pyruyate —&—+ Acetic acid '
-] on o ? .
HOY\M&W hbd o m‘(\’kis-m "°Ms-¢m $-Cof "°§{\/‘\J\o oM
: paal paaH1 ° b - Biobased feedstock
3-Oxo0-adipyl-CoA 3-Hydroxyadipyl-CoA ke 2,3-Dehydroadipyl-CoA Ad\pyl-CoA L Mupylphusphate Admlc acid - Selective process

NADH NAD' . NADH NAD' ADP  ATP - Mild reaction condition

- Expensive

- Well defined reaction conditions
and environment - contamination

3. Chemical catalytic process

OH OH o o} OH OH
:> 0 2y OH —!-
HO cat HO cat

OH OH OH OH ©

- Biobased feedstock (biowaste)

- Green solvents (water, MeOH, EtOH)
- No GHG emission

- Higher yields (up to 89 %)

Glucose Glucaric acid Adipic acid




Adipic acid production = Chemical catalytic process

HO

O

OH

OH OH O

lucaric / mucic acid

_b.

0
OH
HO/K/\/\(
0

Adipic acid

Reaction conditions:
- Green solvent : H,0

- Heterogeneous metal catalysts

- Moderate temperatures (125-150°C)
- High H, pressure

o}

HO

OH OH
O

OH OH OH

+H,

[¢] HO OH OH

-CO 0.
o ————»
How OW -H,0 oH
2 —

OH OH
/ o
+H, 8 -H,
o
=

[0}




Adipic acid production = Chemical catalytic process

O OH OH
OH 2
HO " O)KN\H/OH
OH OH O 0
Glucaric / mucic acid Adipic acid
Catalyst type T
(°C)
NiMo/y-Al,O, 125,135,150,175,
200,225
Pt/y-A|203 125,135,150,175
Ru/SiO, 125,135,150,175
Rh//SiO, 125,135,150,175
Ni//SiO, 125,135,150,175
Pt//SiO, 125,135,150,175
Ru/C 125,135,150,175
Rh/C 125,135,150,175
Ni/C 125,135,150,175
Pt/C 125,135,150,175

Parallel reaction system

A combination of different analytical methods used for detection of
formed products

f 6 batch autoclaves

‘ﬁ:‘.‘

"
ey

W

L)

LC-MS

Unknown
compounds

Liquid samples
Final products

Final products

v

HPLC

Water removal by
Rotary evaporation

Reaction mixture
Water phase

Diethyl ether +
Derivatization reagent
(BSTFA+TMCS)

v

GC-MS

&

Derivatization

Diethyl ether +
erivatization reagent
(BSTFA+TMCS)



Adipic acid production = Chemical catalytic process

Solvent selection

1. Aqueous hydrodeoxygenation of aldaric acids (glucaric/mucic) over transition (Ni, Mo) or noble (Pt, Rh,
Ru) metals on neutral or acidic supports 1 . ; "

- Lactone formation under aqueous conditions LYY «—Hif_f AL Sy

OH

- Low selectivity (formation of many products; >30 detected compounds)

2. Esterification of aldaric acid in alcohol (MeOH or EtOH) = as a protection of carboxyl group

HyC H,C
h ~
"0 OH  OH o OH OH MeOH / H* o
(o] MeOH / H* lo) Metal catalyst , H, o .
o o e O § e o7 Methyl adipate
HO T=100-120 °C T=100-120 °C
HO OH HO HO 5 5
CH, CH,
CH
H,C—>2 _—CH
HO  oH OH ¥ 0 on  oH E{OH / H* H,c—CH2
WO EtOH / H* )\‘/W o Metal catalyst, H,
E— _—
° (0] T=100-120 °C S .
HO HO OH T=100-120 °C HO HO s )\/\/\f Ethyl adlpate
Ny, -CH3
CH,

(o]

(0]

l O\CH;CH3

HO

)\/\/\(° Adipic acid
OH

0)
(o]



@ NATIONAL INSTITUTE OF CHEMISTRY

Adipic acid — Our developed processes

Chemocatalytic — in alcohols as solvents

Experimental set-up: Homogeneous Re catalyst:

- 250 mL batch reactor - MeReO,

- 120 mL of solvent (MeOH) - KReO,

- H, or N, gaseous phase - HReO,

- 10 mol% of catalyst (regarding to the reactant)

- 200 mg of reactant (mucic acid/glucaric acid) Homogeneous Re catalyst +

- RKCT:100-1507C heterogeneous hydrogenation catalyst:
- RKCtime:72h

- MeReO, + Pd/C or Pt/C
- KReO, + Pd/C or Pt/C
- HReO, + Pd/C or Pt/C

Heterogeneous Re catalyst:
- Re/C

- Re/SiO,

- Re/Al,0,

-Re/C + Pd/C

25th Annual Meeting of the Slovenian Chemical Society, Maribor, 26.9.2019



Adipic acid — Our developed processes

Chemocatalytic — in alcohols as solvents over homogeneous Re catalysts

Yield (mol%)

N HC~q
/}\&\/\?O
o
O—ch,
HHC‘-O OH H3C\o ’:}
w2 o) ~o SN o)
H,C-. 2 4 ¥ 2 )
3°0  OH OH - TR S L X Ogy, ta HiCig
o © . s /}\MO ? MO
OH OH o_ . o ~ . o]
CH, 2xy HiCoo OH 2 O~cn, % %0 2 O~cH
A N o MO 3
2 / ~ O ~ / -
B O 7
“ HiC<q
' o
o/’L\W
O~ch,
100_ MeRe03, KR904, HReO4 MeReO3, KReO4, HReO4
90 { P(H2)= 5bar 1004 pdrc
80 _ 90 P (H2) = 5bar, T =120 °C KReO4
70 X 80 pdic  PdiC PdIC
60 0 701\MeRe03s 5wi% _5wit%
50 ] E 60y SOl KReOs | HRoO4
401 Mere03 KReO4 HReO4 T sl
301 _ . KReO4  T=140°C <
4 T=120°C T=120 °C HReQ4 MeReO3 T=140 °C .; HReO4
207 T=120 °C T=140 °C |1=5d.'ctu/
10 wtie
01




Adipic acid — Our developed processes

Chemocatalytic — in alcohols as solvents over heterogeneous Re catalysts

Yield (mol%)

HiCo
s of}\é\/\;o
O~cH,
HC o OH HiCio . 3
0 o 2 M\/\p
HiCg 2! N ry 27 d o
OH OH o % 9H,C 0. HaCo
4 OH O™ s“~o ~CH s
/ (o] i CH, 3
>z o / o
om\m 5. i N o/’L\/W i o’l\/\/\?
3 Yo 370 OH P O<cH. #, 30 2 O‘CH
* v 3 9
H, A2 o . 0/ NS o]
S 2 o
OH O-cy, O~ch,
., HCeo
R 3
O~cH
100 100
90 90
] i Re/C
80 - 3 Re/C
1 ?’fgwc ?fﬁmc — 80 || Reic RelC RelC Pd/C’ pdrc’
70 - = = \O 70 T=120°C T=140°C T=140°C T=120°C T=140°C
= 7| P,=05MPa | P, =0,5MPa || P,,=1,0MPa | | p =05MPa | P, _=0,5MPa
1 ° g H2 H2
60
] E
50 o
1 (]
40 <
30 4
20 1 Re/AL,O, | | Re/ALO, | | ReiSiO, Re/SiO,
10 4| ™120°C | | T=1a0°C | | T=120°C | | T=140°C
0

27T™M 28M 25M 26M 29M 30M 29M 30M 31M 35M 36M



Yield (mol%)

100

Adipic acid — Our developed processes

Chemocatalytic — in alcohols as solvents over heterogeneous Re catalysts

Catalyst reduction = increased yield of products

MeOH reduction = formaldehyde + H, formation

H, formation = hydrogenation of double bonds

on H, o i, CH3-OH  H,
0 0 0 0
e oo U,
H \H O T T W N TN
Re/C |Re/C,.4 | Re/C,g4 Re/C | |Re/C | Re/C,4| Re/C,g4 Re/C H,0
120°C| 120°C | Pd/C 120°C| |150°C || 120°C| 175°C
H, |H, 120 °C N, N, N, N,
H 0 0. _0
2 HC” CH, HC” ¢ CH,
Re/C Hy




Biobased Adipic acid — Our developed processes

Benefits of the developed process: Patent application

- High yields OH OH
- No gas emissions H,C00C

- No harmful side products

- Heterogeneous catalyst

- Easy separation of catalyst

- Reuse of catalyst

- Reuse of solvent

- Easy transition to continuous process

COOCH
COOCH, H,c00c” NN §




(HEMI)CELLULOSIC BIOMASS

l

H,O N
>[ Extraction Liquid EXTRACTIVES

(vitamins, flavonoids, terpenes,
terpenoids, phenolic compounds)

Solid
HC
CELLULOSE
(glucose)
Precipitation —>
. HEMICELLULOSE
LIQUId (C5 sugars: xylose, mannose, glucose,

galactose and sugar acids)



YV V ¥V V V V

Hemicellulose

_OH _OH OH
Z =~ =
é\ ® ®
2 Z Z
OCH; \ H,cO' Y 'OCH,
OH OH OH
Coniferyl alcohol Coumaryl alcohol Sinapy! alcohol

Shao-Hai Li et al. The Royal Society of Chemistry 2015
bio-polymer

Several types of inter-unit bonds

Different plats: various ratio of each unit

SW (21-29 %), HW (1825 %), HP (15-24 %)
5—-30 % of the weight ~40 % of the energy
Composed of monomeric aromatic units

Provides rigidity to plants and protection

t=0 J
5 405
6 B
ocH, 7 B

B

YV V ¥V V VYV VY

weon 1 Bonds:
| pO4
) a4

potential

Rich of functional groups: — OCH,, — OH
Cheap & Abundant

30% of organic carbon

Economic necessity of bio-based industries
Regulations

To be used as a polymer



Antioxidant Board binder

—
()]
>
o
o
<
Carbon fiber. [Image credit: Brett Jordan, F/ic
Commons]
Sulphite or
bisulfite sol.
Ultrafiltration I-' De;:ﬁ::Ed

(7)) Vanillin
- i : Sulphite . Concentrated __| ani
8 B e Pulping, Wasing qupunr “Evapuratlon lignosulfonates production
E Precipitation Ii O H
(D)
e
(&)
—
O JIUNK IO B > 2 UYL ol VA oM e > o
LL HO

HO OH

vanillin




Lignocellulosic biomass

H,0, NaOH, Na,S, 140-170°C ] solid
2 2 >  Kraft pulping > CELLULOSE
White liquor ; _
High quality pulp for paper
Black liquor
H,so,, CO, L. solid
> Precipitation >

Side product

Waste water

Advantages

High amounts available from the pulp and paper industry - over 70 Mt per year

Disadvantages

Less preserved lignin structure: B-0-4 linkages are cleaved during the kraft pulping
Lignin structure contains sulfur



Advantages

* High quality lignin that is suitable for the
thermocatalytic conversion into the value-added
chemicals such as aromatics

* Most of the B-O-4 linkages in lignin are
preserved

CELLULOSE Disadvantages

Lignocellulosic biomass

production is increasing

* Less abundant material in market —
EtOH/H,0, H,SO, solid %
>[ Organosolv pulping]—) :
T=180 °C

Value—added chemicals

High quality

M} OH ; ook i * Cresols
@/C“gH S j\ij * Catechols
oH * Resorsinols
CHO CH; © * Quinones

e o * Vanillin
\©/ * Guaiacols

OCH,

HEMICELLULOSE

(C5 sugars: xylose, mannose, glucose,
galactose and sugar acids)

>




Quantitative 3'P NMR analysis

R' [

Identification and quantification of : R' 0 RR.
- Aliphatic OH groups CH2OH CHQO/P iR'

Primary OH HO O—Lignin o R’ O—Lignin a

Secondary OH Cl—p iR:
-Phenolic OH groups o TR CDCly/Pyridine

_ R R R

Syringyl OH OH .

Guaiacyl OH ’ O\P 5

p-Hydroxyphenyl R = H, OCHpg, Lignin 72(R

. 1:R'=H :

- Carboxylic OH groups 2R = CH, o _

O
g Aliphatic OH [e
primary OH O ID\oj O_P\oﬁ
\ f_L T\
IS IS

Guaiacyl

phenolic OH
+
secondary O p-Hydroxyphenyl

phenolic OH
{_H Syringyl —A—

J J phenolic OH

\ ‘ ‘ ‘ ‘ \ ‘ ‘ ‘ ‘ ———————————
1350 1300 1550 1500 1450 1400 1350
ppm (t1)

ppm (t1)



/Quantitative 13C NMR analysis

Identification and quantification of :
- Aromatic carbons

o

CH,-CO-

IS cncl,

CH,

-CO-

Determination of average molecular weight

UV detector 280 nm

Column: PLgel 5 um MIXED-E 7.5 x 300 mm
Eluent: THF

Flow rate: 1 mL/min

Injection volume 100 pL

o

UV detector response at 280 nm, a.u.

600

400

200

240 min

LIGNIN

- Aliphatic carbons Alphatic
CH,-0
- Methoxy groups o L
Size-exclusion chromatography 5
120 min




Value—added chemicals

Ol

i R e Cresols
i TR Catechol
~ Conversion atechols
~

EtOH/HZO, HzSO4 OH ¢
—> - > * Resorsinols
180 °C, 60 min Organosolv lignin cHo ©/0H e o - Quinones
HO OH * Vanillin
OCH, [ j * Guaiacols
OH (o]
Study of a-0-4 linkage cleavage during the organosolv lignin isolation process
Influence of the solvent on
MeOH, H,S0,, 200 °C, 240 min\ @ + /@ +
a - HO
o OH
EtOH, H,50,, 200 °C, 240 min N /O N O O
HO
OH

a-0-4 lignin model compound GVL, H,S0,, 200 °C, 240 min
> 0O
HO

MeOH and EtOH acts as a capping agent, while GVL is not reactive with reaction intermediates



Platform

LC blomass Depolymerisation [Z1emcals U di
fractionation poly —| Upgrading

v
SEEA

Typical Removal of
bond functional
CIeavage groups
Model ™ 1 ) oo
Depolymerisation 1 compounds H DO
DIMERS o
HO ’f
op O .
' OH o— had (o 1—-\"_)1 ALO 0O, )
HO _". * |
@AO\Q _ K co I Three-phase
Ll s} . 7 :>_ | contactor
Cracking Model | U Az LCH‘ f”a‘w; e o ’ ol
MONOMER Cormpoun =
OH | BO4
Bottom ,\/@:
ch/ OCH;, we
4.0
Upgrading l W,Q 4 51
o o™




Lignin
Depolymerisation |

DIMERS

oQ.
Shae

Cracking

MONOMER

C
H.C™ OCH3

Upgrading
Value-added chemicals

Temperature:
225,325 °C
Pressure:

5,7 MPa
Catalysts:
Pt/AlL,O3, Pt/C,
Ni/Al,O3, Cu/Al,O4
Catalyst loading:
0.4 wt%

Dimers loading:
up to 2 wt%

Temperature:

225 -325°C

Pressure:

3 -7 MPa

Carbon supported:

Ru, Pt, Pd, Rh, Ni, Cu
Alumina supported:
Ru, Pt, Pd, Rh, Ni, Cu
Additionally:

Ru/SiO,, Ru/SiO,-Al,O,,
Ru/TiO,, Ru/HZSM-5
Catalyst loading:

0-0.4 wt%

Eugenol loading:
0-5wt%

Solvent:

Hexadecane

The role of different active sites




Eugenol HDO over Ru/C: reaction network

s) Pt/C 2 2) PAIC s Proposed eugenol HDO reaction network
280% & oo .. -
™~ ' e . OH
ook} | N e ~200} g
E o~ E HMAB
3 T~ 200G § G
E 50 L I3 3 s 3 E1s0b <
8 N E
T ] £
£ 100 5 £ 100 §
3 ] £
c 2 = 2
S sor S %or
ol 0 -
0 50 100 150 200
Time (min)
¢
250 %) R_hIC 250
~a0n\ T X% 2 % 4% 380 |~ |h
d © OH
€ I |- N . 10"k /RU
] 5 O {2005 e %) W E ]
=0 bRl < =y \
5 b 150 2 $ 2 I Rh
8 A {100 §| 8 3 10 F . SN c’
8 o &\l GHy ' 8 sof E Pt N
,"'J = = > = i / 2
SN N VR SR ST — -
% 50 100 150 200 % 50 100 150 200 " 10 L N\ TOO
Time (min) Time (min) l_ \
T %
n = T CUrC _ NE L weak |
""" 2V e 8 §9 = R N B
_ R | Y 250 N
i OH e s : Ho
E o., {200 G _E150 : {200 G [ AN
E sl CH3 =~ E - - L C  HMePCP
2 g
£ 150 £ § 150 £ _Strong N\
£ 100 i oz : \
8 1005 & 1100 5 C mCu ¢y
5 il = E s0l ' = I . 1 . [ A s
0 K,
; {50 , Hs0 -300 -250 -200 -15 et
= 0 e . 1 H3C,
100 150 200 50 100 150 200
Time (min) Time (min) Eads (kJ mo' ) MePCP
H3 \%Hg CHg

= Dominant reaction pathway
= Less dominant reaction pathway
= Non-occurred reactions



MULTISCALE MODELING:

250 300
Time scale (s) T 200 250
= (&)
-] <
E 200 g
1 Lattice snapshot at: 1.00E-10 sec c 150 S
s &
70 1 < 150 §
re 100 E
- E |°—"
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O 50
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(HEMI)CELLULOSIC BIOMASS

l

H,O N
>[ Extraction Liquid EXTRACTIVES

(vitamins, flavonoids, terpenes,
terpenoids, phenolic compounds)

Solid
HC
CELLULOSE
(glucose)
Precipitation —>
. HEMICELLULOSE
LIQUId (C5 sugars: xylose, mannose, glucose,

galactose and sugar acids)



HEMICELLULOSE

Hemicellulose

Cellulose



FURFURAL FROM HEMICELLULOSE

Hemicellulose Xylose
o]
- o w I H = 0
mo ™) + (H;0) Nm/m
oM ~ o

Xylotose
Co-operation with industrial partner (or Xy -tese -taoee, o)

PPR £ leached chestnut wood chips from tannin extraction
(w= 60-65%)

pressed leached chips PTR2 > ¥ ¥ X i
(w= 40-45%) »
v X~ |2
.
:- ‘;-.--.-..-..-‘---..E s —@ _@
E A A AA E D1 D2 D3
T © % vl
------------------- . () PR ® ®
E1 YyYVYVYYVYYY
i Elz_ rectification :
> > l
superheated steam N~ @-(Hi v ®<H{ \:/

-

P= 12 bar —® " ¥
o v
T=249C Lc (b@b(é PTR3
, PTR4
cellolignin @ energy sector
+>

(w= 55-60%) [ Y—  ‘----



CELLULOSE AND HEMICELLULOSE VALORISATION: TOP — DOWN APPROACH

o Cellulose Glucose Glucaric acid
CH,OH
’% " Acid hydrolysis 20 AT, AP HO HO O AT AP
TRy > Gy ——> o N A A ——
o | H,0->H"+ OH OH oOH catalyst, O, O HO HO catalyst, H,

OH

3¢
HO o
, % Levulinic acid
AT, AP,
MWCHB _—>
catalyst, H,

Hemicellulose ) Xylose Furfural O
H
- o o w-. L. H* HOY (o] o
Pm/‘} J + (Ha0) H;m/ T3H0 H.0
- L oH Catalyst H,
+(H0) [ H* H ‘
+ HxO ‘

Humins
Degradation Products

OH
HO HO
HO G\w\cﬂ
/m/ %)
OH

Xyloblose
(or Xylo -triose, -tetrose, elc.)

Bio-polymers Monomers

Adipic acid
HO
@)

y-Valerolactone
~r

Furfuryl alcohol

OH



LEVULINIC ACID: PLATFORM CHEMICAL

AlM:
* Added-value biomass-derived products
* Fuel additives
* Monomers
* Flavors
* Solvents
* Use of cheap transition metal catalysts
* Avoiding the use of solvents
* Reaction mechanism proposal
* Microkinetic model development
* Process bottlenecks identification

HJC/\/WCHZ o
A el bl WD oo
~~ 8
HyC o o 5-nonancne HiC o H“C)’k/\[r ch/&o
o o
+-valerolactone 2-methyl-tetrahydrofuran o
tetrahydrofuran ethyl levulinat a )
SOLVENTS FUELS FOOD, FLAVOURING AND
N FRAGRANCE COMPONENTS
i
CHEMICAL INTERMEDIATES \ /

“ / (o]
\\ - )I\/CH
. y o #CHz
.
™ r

acrylic acid

0
OH

HOJV\W —

succinic acid O -

= RESINS HO

PLASTICISERS

OH
HO™ TN o
-
1.4-butanediol -
diphenolic acid
OH ~—
)v\/OH \\‘ R oH
HiC POLYMERS
1.4-pentanediol

ANTI-FREEZE AGENTS PHARMACEUTICAL HERBICIDES
AGENTS

[o]

9 o
o) o
o & o
HyC Na HOW oM
o HO Br o Nylon 6,6 (polyamide)
o

s-aminolevulinic acid

sodium levulinate
5_bromolevulinic acid

D.W. Rackemann, W.0.S. Doherty, Biofuels, Bioproducts and Biorefining 5 (2011) 198-214

o
)’k </\/“\ﬂ ANH A /\NHJ’
n

LEVULINIC ACID HYDROTREATMENT TESTS:

* Solventless conditions

* Hydrogenation agent: gaseous H,

* Batch regime (S,L), continuous purge of gas phase
* Commercial NiMo/y-Al,O, catalyst

e Catalyst activation with DMDS and H,

NUIAZNE DVIDS + H, NiMo/y-Al,O,

IR 350 °C 90 min LR

Temperature Pressure Stirring speed Catalyst

Run °C) (MPa) (min-1) (Wt.%) Particle size
1 225 5.0 1000 2 1.5 mm pellets
2 250 5.0 1000 2 1.5 mm pellets
3 275 5.0 1000 2 1.5 mm pellets
4 275 2.5 1000 2 1.5 mm pellets
5 275 7.5 1000 2 1.5 mm pellets
6 275 5.0(N,) 1000 2 1.5 mm pellets
7 250 5.0(N,) 1000 2 1.5 mm pellets
8 275 5.0 200 2 1.5 mm pellets
9 275 5.0 600 2 1.5 mm pellets
10 275 5.0 1400 2 1.5 mm pellets
11 275 5.0 1000 0 1.5 mm pellets
12 250 5.0 1000 0 1.5 mm pellets
13 275 5.0 1000 1 1.5 mm pellets
14 275 5.0 1000 4 1.5 mm pellets
15 275 5.0 1000 2 500-710 um
16 275 5.0 1000 2 150-250 pm
17 275 5.0 1000 2 <40 um
18 275 5.0 1000 2 1.5 Q pellets



LEVULINIC ACID HDO: EXPERIMENTAL SET-UP




LEVULINIC ACID HDO: EXPERIMENTAL SET-UP




LEVU Ll N |C ACI D H DO: ANALYT' CS Metal content Active sites Surface Area  Pore volume  Pore size

Catalyst Active Phase
(wt. %) (umol m?) (m*g™) em’g™) A

NiMo/AlL,O;  3/15° NiMoS, 0.33° 170.9 0.471 110.4

Solid phase (catalyst):

' As mass content of NiO and MoOj; respectively for fresh catalyst

e BET > Determined according NiMoO, surface concentration

* TPR-TPO-TPR
 TEM, SEM/EDX ‘
e« XRD P remberawe Gy
 NH,-TPD

Liquid phase analysis (sampling):

* GC-MS (ldentification)

* GC-FID (Quantification)

@
T
&89\99__

dV /dDP x 10° (cm®
S

P
Seg

Gas phase analysis (online):
* FTIR (flow-through cell)
* u-GC

0.3000
0.2000
0.1000

[} » 5
- 0.6000
| B 0.5000
2y 04000

2000

Wavenumber (cm) 1000



LEVULINIC ACID HDO: REACTION PATHWAY NETWORK

Elementary reactions:

* Decarboxylation

e Ketone group hydrogenation

* Dehydrative cyclisation

e Alkene hydrogenation

e Oligomerization by C-C coupling
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C g Gas-liquid interphase  Liquid-solid interphase
H2 : 3

LEVULINIC ACID HDO: MICROKINETIC MODEL

. ; § CIHZ ;:
« Thermodynamics (VLE-EOS) ) ™ =
° Mass transfer G_L’ L_S GAS PHASE g ; LiQuID PHASE:':I CATALYST SURFACE v
« Adsorption & desorption o
« Bulk reactions A ?
« Surface reactions
P / ‘
Mass transfer rate through G-L film:  Adsorption rate: Molar balances for component j:
GL L Li L A_ A ~Si ~*
r=- =ky- (Cj —C')/VL r-=k:-C; -Cy, dnC yi-V-P
j i A | J J i i S d—i:_”GL'VLiZ ’R_T In gas phase
K} =0.42-(_/1I g]-SCO'S ca-dy Cys*(t=0)=ms-agpr - C45/Vy, .
i dcl -
- ) GL_ LS H In liquid phase
Cl__l = f(P ,T, ) . r r +Zir q p
7= Ro T yy) Desorption rate: ad 1 !
AG.:G'VG'gG/db 213 r-D:kD.Cf dC
J J J ; ads es H
o ous O SNT)-d,2 toaL| U I,lsll_rglo(Vsi ) =1S-1;2% + ;9% On L-S interphase
° dr-(g-d)"® 4019 Homogeneous reaction rate:
L
o oare ) P H=kH.ch.ch d;:tl =rBL_ kS v On active sites
oo -py)
Mass transfer rate through L-S film:  Surface reaction rate: Molar balance for vacant sites:
rjl.‘S = kjS - A -(C}‘ —CJ-S')/VL e =kE 'CTl'CTZ Langmuir-Hinshel. dCys _ ZJ:r_D _ZJ:'._A +3 e
1/3 c c - Si dt j=1 : j=1 :
kS =0'34.[g-ﬂ| '(st —p|)] gc2/3 - =k -Cj-Cj; Eley—Rideal
Pl

As =Mg - Qger



LEVULINIC ACID HDO: MASS TRANSFER

Cg Gas-liquid interphase  Liquid-solid interphase
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LEVULINIC ACID HDO: HOMOGENEOUS AND CATALYTIC REACTIONS

iquid i

.-¢

‘\
.

GAS PHASE

nterphase

.
L

2%%255’3555

t
f
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
'
1
'
2
h
3,
4
'
519
'
64
70
'
81
:
9y

H2
H2
H2
H2
H2

H2

|
|
|
|
|
|
|
|
|
|
|
|
|
I
|
|
|
1
|
| H2
| H2
| H2
1

LIQUID PHASE :

Liquid-.solid interphase

Homogeneous reactions

BK
AL

BL

PL
B
PL
P
HBV |
OMSN |

R N N 20 N 0 N N 2 N N N 2 N N N A N A

[]
+Cb2|
+l-@0|
+ HO |
+c¢|
+H2.0I
+H1.)I

'
+ HD |
()
'

CATALYST SURFACE

W RNV S WN=

BRI DR R
QW NOULEW - O

PR TR R TR T R T T I o T S S S S S S Y

'S
Vs

LA
H2
H2
H2
'S

Vs
Vs
Vs
H2
Vs
H2
H2
H2
Vs
H2
H2
\'A)
H2
H2
H2
VS

N0 Z0 20 Z50 Z0 N 0 N RN N N NN 2N 0 N N N N N N N A 2

Bk
AL
oBv
BL
HVA

2BL

BE
VVA
MFO
BE

B

VA

PL
B

PL

[

HBV
OMSN *




KINETIC MODEL: DIFFERENTIAL EQUATIONS SOLVED NUMERICALLY IN MATLAB

4\ MATLAB R2016b

HOME A EDITOR L R 153 (3] Search Documentation

5‘1;' - ﬁ [l Find Files & o mnsert (=1 fio ['g] ~ Q [ =] Run Section @

Compare v ~ Comment % ‘en I
l\kapa13&ve 'EGDT" %o g il Breakpoints Run  Runand @m Run and

- - v =Pt v {Find = Indent - ~  Advance Time
FILE | NAVIGATE | EDIT |BREN(POINTS RUN
<« P 5 }E ¥ Cor Users » MihaG v AppData » Local » Microsoft » Windows » Temporary Internet Files » Content.Outlock » YIZSCWHNQ | &2
Current Folder Workspace @ I i
Name = Value +'3 | GLE_SCR.m | ModelTransferToEricandFeliem 2 | ModelTransferToEricandFelix_noFit.m = | Model_transientm £ | GLE_ SCR.m | ODE45.m | DifEq.m x| koncentracijem | =+ |
15= k33 _s=k33_av_s*exp((-Ea_k33_s/Rg) = (1/T-1/548)): Treakcije HMEE w—
332 — k32_s=k32_av_s*exp((-Ea_k32_s/Rg) =~ (1/T-1/548)): “-
333 — KHMFE MH s=kHMPE MH av s*exp((-Ea kHMPE MH s/Rg)*(1/T-1/548)): 8
334 -~ k31_s=k31_av_s*exp((-Ea_k31_s/Rg)*(1/T-1/548)):
235
3368 - kD3342_ s=kD3342_av s*exp((-Ea_kD3342_ s/Rg)*(1/T-1/548)); % reakcije HMPC
260 |= k_creacking s=k creacking av_s*exp((-Ea_k crea s/Rg)*(1/I-1/548)):
338 — KHMEC MH s=kHMPC MH av s*exp((-Ea kHMPC MH s/Rg)*(1/T-1/548)):
339 — KHMPC_KPCP_s=kHMPC_KPCP_av_s*exp ( (-Ea_kHMPC_KPCF_s/Rg) * (1/T-1/548)) ;
340 - | KHMPC_MePCP_s=kHMPC MePCP_av_s*exp((-Ea_kHMPC_MePCP s/Rg)* (1/T-1/548)):
341 &
342 - kKD2232_s=kD2232_av_s*exp((-Ea_kD2232_s/Rg)* (1/T-1/548)): % reakcije HES
343 — KC2232 s=kC2232 av s*exp((-Ea kC2232 s/Rg)* (1/T-1/548)):
344 — ¥HFB_HK_s=kHFB_HK av_s*exp((-Ea_kHPB_HK_s/Rg)*(1/T-1/548));:
345
New to MATLAB? See resources for Getting ~ X|| 345 — kD234_s=kD234_av_s*exp((-Ea_kD234_s/Rg) * (1/T-1/548) ) ; % reakcije HPC
Slarted 347 B - - -
frov» 348 — kC123 s=kC123 av s*exp((-Ea kC123 =/Rg)*(1/T-1/548)); % reakcija EB
3439
350 - KHHPC H s=kHHPC H av_s*exp| t—Ea_kH.HPC_H_s/Rg} *(1/T-1/548)): Freakcije HHPC
351 - KHHPC DH_s=kHHPC DH av_s+exp((-Ea_kKHHPC_DH =/Rg)* (1/T-1/548));
352
353 — KKPC KH s=kKPC KH av s*exp((-Ea_KKPC KH =/Rg)*(1/I-1/548)): % reakcije KPC
354
355 = KHHPB H s=kHHFE H av_s*exp| t—Ea_]d{HPB_H_s/Rg} *(1/T-1/548)): % reakcije HHPB
356 - KHHPS_B_s=kHHPB B av_s*exp((-Ea_kHHPE E_s/Rg)*(1/T-1/548));
357
358 — KMPC MH s=kMPC MH av s*exp((-Ea_KMPC MH =/Rg)*(1/I-1/548)): % reakcije MPC
359 — ¥B134_s=kB134_av_s*exp|(-Ea_kB134_s/Rg)* (1/T-1/548));
360
361 — kB1331 s=kB1331_av s*exp((-Ea_kB1331 s/Rg)*(1/T-1/548));: % reakcije MPB
362
363 - dede=[- kH g 1 * Ag = (P/He - cH2 1); % bilans za HI(g) Tl
364 % bilans za H(1) -
4 m | »




LEVULINIC ACID HDO: HOMOGENEOUS REACTIONS

10 — 300
T=250 °C, P;=5 MPa, N=1000 min~', C=0 wt.%
a) o —ILA
- @ ——GVL
8 L u O, o e e e o 4250
& ——oBVx 16
—~ | <9 ——omsN4k10 ®
o[ a AL x 160 o ~
5 O VA x/100 2009
£ 6 - — — Tempefature “&)’
C -—
o / [
“§ / 150 8.
s :
3 4 o
S 5
8 / 100 3
2L v
Lo
L/ 50
/
0 ———
0 20 40 60 80 120 140
Time (min)
i i [ ki unit Ea"”
(kJ mol™)
[: k" [LAY 5.17 x 107 min 134 |
2 kM [LAY 6.12 x 107 min 164
3 ks'[LAY[LAY  161x10* Lmol*min? 613
4 kf'[ocPVY] >> kgt min* n.a.
5 ks [BKY] [H2'] n.a. L mol™ min? na.
6 k' [LAY[H-] <1.00x 10 Lmol*min? na.
7 KkM[ALY[H]  361x10% Lmol'min® 203
8 kg [OBV-][H] 359x10° Lmol*min? 129
9 ke [HVA'] 517 x 107 min~ 134
10 kg [HVAY] n.a. min* n.a. 0o
11 ki [BLY] n.a. min* n.a. HO
12 kg [HVAY] n.a. min~* n.a. 6.0
13 k" [GVLY] [H'] <1.00x 10° Lmol*min? n.a.
14 Kia™ [HBVL] >> kgt min* n.a. (Oxo-carboxypentyl)-y-valerolactone

10 — 300
T=275 °C, Py2=5 MPa, N=1000 min~', C=0 wt.%
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COTk N
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o}
+H~ \/\)\ B
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+H,
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LEVULINIC ACID HDO: CATALYST LOADING

10 = v = P 300 4o 300 10 300
b) ® — 1A iRl L S L R e AL S C) . "J\"\ T=275 °C, Piz=5 MPa, N=1000 min ', C=1 wt.%, pellets d) .—*—fl@\ T=275 °C, Pyz=5 MPa, N=1000 fin ', C=4 w1.%, pellsts
4 —0cvw PN T T T T T oo oo F & :GVL __________________ F & :GVL\\ ___________________
gl W00 / 4250 m—co, ‘e 250 ® —co, / 4250
& ——0BVx"0 8 o —oBvxho 8 o —oBvxo
~ | 4 omslix10 @ ~ | @ ——owmskx10 —~ | 9 ——omsfixio \ o
a [ A AL 100 ° e % a5, Fa AL %100 N\ ~ ", I a AL ¥100 \ ~
5 o VA 100 o B 2003 = o VAK 100 ® N 42009 =S o VA% 100 2009
EG - Ten;ﬁerature < o E 6 - — — Temperature \\\ ;J’ £6 [ — — Templerature .\ TD’
5 , o 2c 4 TN 5 ¢ E
2 L] / ™ \ T S ©
=, A 108 F ’ S 1508 F 150 §
€ E 24 / £4
8| ° sg[ 1 5 8 5
c 7 = = / - = pe
3 , 11003 8 p 1008 § 1008
2 ! 2+ /1 il 2
f— -
4 7SN 450 ¢ 50 50
’ - w— S
0 T 0 =T & Tor Tt Bt 0 T T =y T
0 20 40 60 80 100 120 140 0 20 40 60 80 100 120 140 0 20 40 60 80 100 120 140
Time (min) Time (min) Time (min)
i e ki ac275°c
(L mol™ min™)
1 ki€ [LA*] [*] 2.15x10°
2 koC [LA*] [*] <1x10?
3 ks© [LA*] [LA*] <2x10°
4 k,€ [OCPV*] [*] na. '
1-Butene | +
5 keC [BK*] [H2*] na. -2 -H,0 A L
6 KCILAM A 202x10° -33umolm ™= /V| Y\ \01\ o~ K | rButane
7 k7C [AL*] [HZ*] 758 x 101 ?utanone 2 Bufpo\ : ?-Bltene i ‘
. KC[OBVA [H] 360 x 10° ok, -COMk, % -COMk,, -CO, k.| ,(I Iu
: IO [e) 6] 6] tH, o]
9 ke [HVAS[] 215 10° \n/\)k H, L NP Ny L 1O
c c — — = - =
20 K c[HVA*] - >l 0 on ks OH " ki, a-Pentencic acid . K17 | Pentanoic acid Kz Pentanal H
11 ki~ [BL*] [*] . n.a. Levulinic acid 4-Hydroxypentanoic acid 4+ 0
+H, | k.-
12 kSHVAq ] Ko 1 208x C o}k, ~ Ao N
10 v.._§:R§n!§_f_'9'_9__a_9_=s! _____ R
13 k13c [GVL*] [HZ*] <1x 105 ] O ‘ 1-Pentanol OH
14 ki [HBV*] [*] >> kg€ — 2 d 4..\/\/\ O - /\;L
c 5
15 kis” [VVA*] [*] 2.15x10 5-Methyltetrahydrofuran-2-ol 1 .4-Pentanediol OH
16 leC [BE*] [HZ*] n.a. 2-Pentanol
17 ki [VVA*] [Hz*] >> kg, o}
18 ki [MFO*] [Hz*] na. Ho %*
19 klgc [VA*] [*] 2.15 x 10° n-Pentane
-CO, |
20kt [VATHA <1x10° 0 ° = 7 b
21 kx°[PDO*] [H,*] na. !
22 Kop® [PHO*] [*] n.a. (Oxo-carboxypentyl)-;-valerolactone (Oxobutyl)-y-valerolactone Hydroxybutyl-y-valerolactone  1-Oxa-6-methylspiro(4,4Jnonan-2-one



LEVULINIC ACID HDO: TEMPERATURE

a")) PR—, @=225 °C, P,,=5 MPa, N=1000 min ', C=2 wt.%, pellets 300 b1§ P [ ] T=250 °C, Prz=5 MPa, N=1000 min ', C=2 wt.%, pellets 300 10 T=275 °C, Prg=5 MPa, N=1000 min ™", C=2 Wi, pellets 300
r & —GWL I & —GWL C) < :LA _________________
m —CO, L ] L] 4250 B —Co, e mmm e m e m e == = ] 250 : —(CBSL
8 o —oBvx10 ® 8 & —oBvx10 / gL : 4250
) & —— 0BV X 10
~ | 9 —oMsNx10_ _ _ _ _ _______ == ® ~ | 9« —omsNx10 7 d  OMSNx 10/
A ——ALx100 / ~ 45 [ & —ALx100 7 . S, bA A 1u)r(1 4
3 0 ——VAx 100/ 120082 5 0 ——VAx100 / ™ 20022 o VAX 100/ 2009
éﬁ - Temperaiu(e E 56 F-- Temperatur/el ° ‘é’ Ea L~ — Temperatufe ® 7 i;.;
S / g 5 ’ g5 ) o E
2 , Jis05 = v 150 © = 150 5
o a £ o® @
B4r ‘ E E4r 4 ESy &
S , 41008 8 _100%5 1003
2 2
- 50 50
- (ol 2 = =
0 20 40_ 60 80 100 0 20 40_ 60 80 100 0 100
Time (min) Time (min) Time (min)
i ri¢ ki ae275°c Ea®
(L mol™ min™) (kJ mol™) H c
1 ke [LA*] [%] 215x10° 113 Ea! 1 1 C c Ea; 1
2 KELAIE] <10 e K (T () =k (Tp)-exp| -——| T 5= 6 (T () =k (Te)-op) ~=o—| 75~ 1
3 keC [LA*] [LA*] <2x10° na ®© Te P
4 k,° [OCPV*] [*] n.a. na.
5 ks® [BK*] [Ho*] n.a. n.a. H.O I i-Butene | YH
s ke [LA¥] [H,*] 202 10° 199 ) hdh N —— \g\ % "o
7 KCIALI[HA] 758x 100 800 . o vt I
8 k¢ [OBV*] [H*]  3.60x10°  89.9 -Co Mk, -COAk, -cohk,, -CO,lk COK
2 15 21719 2
9 ke [HVA*][*] ~ 215x10° 113 ” o o, L, 0
10 kmc [HVA*] [*] > ksc na Y\)‘l\ 2 \(\)J\ wo Tlh-\/\)kOH e
11 kuc [BL*] [*] n.a. n.a. ¢Penlenoicoacid 17 Pentanoic acid k 20 Pentanal
© Levullnu: acid 4-| Hydrcxypentan\:uc acid +
122 kSHVATE M0 A 1s0 - 'Hzoi K, ~~N nik:..
13 kuC [GVL*] [Hz*] <1x10° n.a. HO o . o 3-Pentenoic acid . I}II() o
14 keaC [HBV] [4] >>k  na ° \ g BLLINS 2 —-\/\/\ pentand
c o [t 5 k? k:a
15 kis [VVA ] [ ] 2.15x 10 113 w—Angelica lactone /\/L
16 klsc [BE*] [Hz*] na na + y-Valerclactone 5-Methyltetrahydrofuran-2-ol E 4 Pentanediol 5 Pentano\OH
a. a. A0 -
17 ki [VVA*] [Ho*] >> kg, na. 0 O H, lkc;
18 kyC [MFO*] [H*] na. na. “H0
19 KiC [VAX] [*] 215x10° 113 HO o HPentane
20 kol VAR [H¥]  <1x10°  na 0.0 €0, '“ LN P!
21 k:© [PDO*] [H,*] n.a. n.a. “
22 kz2® [PHO*] [*] n.a. n.a. (Oxo-carboxypentyl)-y-valerolactone (Oxobutyl)-y-valerolactone Hydroxybutyl-y-valerolactone  1-Oxa-6-methylspiro{4,4Jnonan-2-one




LEVULINIC ACID HDO: H, PRESSURE

0 . B T=275 °C, P;=2.5 MPa, N=1000 min ', C=2 wt.%, pellets by
I —GWL N~ """ T T TS T omo— 1
a3l B —CO, ’-’. 1250
O ——oBvxo
—~ | 4 ——omskix10
[ & ——aALx100 —
= VAk 100 42008
£6 | — — Temperature =
= / . 1 5
S / ul ®
3 / g 4150 §
€4 / <
g J © ° 1 &
- . ~ -—
5 v o 41008
2 ¢
—
L+
, 7 * 450
) —a——a——J 8 s .
0 20 40 60 80 100 120 140
Time (min)
—L Li L
=k} - Ag -(C]' -C]) IV
LS _ S L Si
=k - Ag-(CH-C$hy/v,
A A Si *
= k C .CVS
C C
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LEVULINIC ACID HDO: STIRRING SPEED

Mass transfer rate through G-L film becomes limiting between 600 and 1000 rpm: kj‘. 05 << kf -0
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LEVULINIC ACID HDO: VALIDATION EXPERIMENT

e Experiment prolonged to 220 min.
* Two times higher catalyst and levulinic acid mass (ratio remained unchainged).

* Very good agreement within 180 min, some discrepancies in last 30 min.
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LEVULINIC ACID HDO: A LIST OF KINETIC PARAMETERS

Grilc, Likozar, Chemical Engineering Journal, Vol. 330, 2017, P. 383-397

Regre:SI()n ana IVZIS: i n" ki at 275 °c ki unit Ea'" [ ric kiC at 275 °C Eaic
k", 275 °c» £ (kI mol™) (L mol” min™) (kJ mol™)

* kCaa7sec Eaf 1 ki [LAT] 517 x10° min | 134 1 k:© [LA*] [*] 2.15x10° 113

© kP KP 2 T [LAT 612 %107 min 164 2 k. [LA*] [*] <1x10®  na

Empirical correlations: 3 kM'[LA[LAY  1.61x10* Lmol*min® 613 3 ke® [LAX][LA*]  <2x10°  na.

© kb kP 4 Kk'[OCPVY >> K, min* n.a. 4 k,° [OCPV*] [*] n.a. n.a.

N 5 ks [BKY [H2'] n.a. L mol™ min? na. S ks [BK*] [H2*] n.a. n.a.

Catalyst characterisation: g ML AY[H] <1.00x10* Lmol*min? na |6 ke” [LA*] [Ho*]  2.02x10°  19.9

* @, Cy 7 KMALY[H]  361x100 Lmol'min® 203 7 k" [AL*][H*] ~ 7.58x 10"  80.0

Parameter Value Unit 8 k" [OBVM[H,] 3.59x10° Lmol*min? 12.9 8 ks© [OBV*] [H,*] 3.60 x 10° 89.9

K saac Lmo'mnt 9 kf'[HVAY  517x10°  mint 134 9 k" [HVA*] [ 215x10° 113

" ot Lo 10 kyo" [HVAY] n.a. min™* n.a. 12 klkoCC[HVé*] E*] >> ke n.a.

La 11 ky" [BLY] n.a. min* n.a. u [BL] c n.a. n.a.

k2 222x10t  mint 12 k" [HVAY n.a. min -t na 12 k® [HVA*] [¥] K10 IO%ZO“ * 150

B s ii klaz [G\[/I-|LB]V[|;] < 1>0:>k 1o m?nli;r?m : i s ket [GVER] < UxI0 e

14 g a 14 ke [HBV*] [] >> kg na.

b 286107 mmnt 15 ki [VVAT na min* na. 15 kiC [VVA* [}]  245x10° 113

16 ki [BE'] [HJ'] n.a. L mol* min* na. 16 kie® [BE*] [H,*] n.a. n.a.

kﬁz (t=275°c) 243x10°  mmin? 17 ki7" [VVAH [H2] n.a. L mol* min?  na. 17 Ki7C [VVA*] [H*] >> ky,© n.a.

; ) . 18 kig" [MFO'T[H,] n.a. Lmol*min" na. 18 kie® [MFO*] [H,*] n.a. n.a.

Kia (1275c) 128x10°  mmin 19 ki [VAY n.a. min* n.a. 19 kis® [VA*] [*] 215 x 10° 113

19 19

ac =Ag/V, 106 10° mt 20 Ky [VAY] [H2'] n.a. Lmol* min? na. 20 koo© [VA*] [H*] <1x10° n.a.

: . 21 Ky [PDOY] [H,] n.a. Lmol* min? na. 21 ko, [PDO*] [H,*] n.a. n.a.

Gs=A /W a0t 22 k' [PHOY na. mint na 22 kooT [PHO*] [*] na. na.




LEVULINIC ACID HDO: CONCLUSIONS

225 °C slow but selective LA HDO

Above 225 °C competitive non-catalytic DCX overdominates catalytic HDO

Ea DCX 134 kJ mol, dimerization 61 kJ mol%, HDO 19 kJ mol!

HDO selectivity 2 H, pressure and catalyst loading

Mass transfer does not play major role, as long as gas hold-up is sufficient (> 800 rpm)

Microkinetic model accounts process parameters well (7, p, catalyst loading, stirring, geometry)
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TAKE-HOME MESSAGE: BIOMASS IS A SUSTAINABLE SOURCE OF CHEMICALS

STEP 1
* Fractionation of LC Biomass: Cellulose, hemicellulose, lignin, extractives

STEP 2
* Depolymerisation of bio-polymers into building blocks (platform chemicals)

STEP 3
* Selective (catalytic) conversion of building blocks into added-value chemicals
* Hydrotreatment (treatment with H,) is only one among many possible transformation routes
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OUR INVESTIGATION APPROACH GUIDELINES
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(HEMI)CELLULOSIC BIOMASS

l

H,O N
>[ Extraction Liquid EXTRACTIVES

(Antioxidants-pharmaceutical industry)
Solid
HC

H,O/EtOH, HZSO$[ Organosolv ] Solid  CELLULOSE

T=180-230"°C (bio-Nylon)
Liquid
H
Solid

Precipitation ——>

Liquid HEMICELLULOSE

(levulinic acid, bio-solvents)




@ Mar3bio @

ERA-Marine Biotech 2016-2019  The marine biomasses used in Mar3Bio are brown algae
MarineBiotech and crustacean byproducts which are sources of the
@

re /“*,“ marine polysaccharides alginate and chitosan.
. e -
Fresh raw materials S [ A\
§ sy § matls
NTNU N \-/

Current technology for marine biomass processing is:

* not useful for cost efficient separation/recovery of
products.

* The knowledge about structure and composition of marine
biomass not good enough to suggest good enzyme assisted
strategies for treatment and fractionation.

* The enzyme toolbox for processing of marine biomass is
not yet developed for industrial utilization.

* Products are poorly characterized.

* Some of the products lack good applications.

Access to samples and waste streams from
large scale macroalgae processing plant



@ Green Chemistry in Biomass Processing

A new ,green” lab-scale pretreatment pipeline reducing the harsh conditions currently used for

deprotonating and demineralization of the shells and the subsequent deacetylation of chitin to
obtain chitosan.
Special focus: Chitin/chitosan pipeline

U DBD Plasma treatment of shrimp
shells

L Chitin dissolution and extraction
using deep eutectic solvents l
(DES)

L Kinetics and mechanism of chitin
N-deacetylation (heterogeneous
and homogeneous)

....................

Plasma  €—

Zero-waste process

Chitin €
Types of NADES
mp shell waste _—
e Choline Chloride
J
N it HBD
Process - ﬁ Citric acid; Malonic acid, Lactic
LU%)
C A

Dissolution in DES ]

— )

water e e Dissolution in DES Deacetylation
CHITIN MINERALS PROTEINS (50-80% NaOH, 50-80°C)
Dissolution Demineralization Acri]dic or bgsic l
ydrolysis

{;j} {:} i;;:} Deacetylation in DES Deacetylation in DES

s {éﬁ (5-20% NaOH, 50-90°C) (5-20% NaOH, 50-90°C)

> G ———

rcptatonusngvaer |7 SO Ao bcone



Duration: 30 months
Start: 01. 10. 2017
End: 31. 03. 2020
Mo. of partners: 5

Budget:

1.265.587,29€

European Regional Development
Fund contribution:
1.075.74920€

www.ita-slo.eu/BioApp

PROJECT COORDINATOR

Mational Institute of Chemistry,
Department of Catalvsis and Chemical
Reaction Engineering

Hajdrihova 19
1000 Ljubljana

Urog Movak, phD
01 4760283
uros.novak@mki.si

€ @ O Voulube

HiLterrey
ITALIA-SLOVENIJA

UNIONE EUROPEA
EVROPSKA UNIJA

Progetto standard co-finanziato dal Fondo europeo di sviluppo regionale
Standardni projekt sofinancira Evropski sklad za regionalni razvoj

Overall Objective of the Project:

To establish a new technological platform aimed at strengthening
the collaboration between research institutions and the main
economic actors in order to develop pilot technologies for
advanced biopolymers. With the technological platform, which
will lay the groundwork for innovative business initiatives, while at
the same time promoting the necessary exchange of knowledge,
technology and innovation, the project will make a positive
contribution to the cross-border cooperation program’s specific
objectives.
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