
Most Abundant Bio Feedstocks
– depending on geographical location and local politics

• Trees
• Forest residues
• Grasses
• Agricultural crops
• Animal waste
• Municipal waste
• Algae (Alger, Levä)

www.cifor.cgiar.org/publications/
pdf_files/Books/ForestPerspective.pdf







• Gasification

•• PyrolysisPyrolysis

•• DepolymerizationDepolymerization to get low molecular mass components to get low molecular mass components 
(sugars, phenols, (sugars, phenols, furfurolfurfurol, etc. ), e.g. , etc. ), e.g. building blocksbuilding blocks

•• Delignification (cellulose, derivatives, paper)Delignification (cellulose, derivatives, paper)

•• Extraction of valuable chemicals (bioactive componentsExtraction of valuable chemicals (bioactive components))

Treatment of woodTreatment of wood



Cellulose,
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Aldoses

Sugar alcohols

Aqueous
reforming
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Fuels
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Hydrolytic hydrogenationHydrolytic hydrogenation

A. Fukuoka, P.L. Dhepe, Angew. Chem. Int. Ed. 2006, 45, 5161
A. A. Balandin, N.A. Vasyunina, S.V. Chepigo, G. S.  Barysheva, Doklady 
Akademii Nauk SSSR, 1959,  128, 941



Hydrolytic hydrogenation of cellulose on Pt-MCM-48 

M. Käldström



Aqueous phase
reforming

Aqueous phase
reforming

10‐30 wt.% water solution

A. Tokarev, A. Kirilin
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N2 (1% He)

mass flow controller
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On‐line

Off‐line
3rd version
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Analysis of productsAnalysis of products

A. Tokarev



SPME

GC‐MS
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N2

butane

isopentane

pentane

cyclopentane
hexane

methyl-cyclopentane

Gas-phaseGas-phase

A. Tokarev
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Desorption
T‐ramp from 30 to 
200o C in 30 min

Adsorption
magnet stirrer
50 o C, 30 min 

Soild phase micro extractionSoild phase micro extraction



260 substances

SPME & GC-MSSPME & GC-MS
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20

Aminex HPX‐87C
1.2 mMol CaSO4
0.4 ml/min
T = 80 oC

Aminex HPX‐87H
5 mMol H2SO4
0.6 ml/min
T = 45 oC

HPLCHPLC



Liquid phaseLiquid phase

A. Kirilin



isosorbide

Liquid phaseLiquid phase

A. Kirilin



Liquid phaseLiquid phase

0.8 1.2 1.6 2.0 2.4 2.8
0

10

20

30

40

С5

С4
С3

С6

Se
le

ct
iv

ity
, %

Space velocity, h-1

С2



HO

HO OH

HO OH

HO
-H2O

O

OH
HO

HO

HO

O
H2 H2

OH

H2

analagously through dehydration-hydrogenation steps

O O

R R

substituted esters

OH
OH

OH

OH

C4-C6 alcohols

O

R

furane derivatives

+H2

-H2O

O

O

C6 ketones

+H2 -H2O, -CO2

O O
OH

OH

C3-C5 ketones, aldehydes and alcohols

alkanes

light alkanes

OH

OH
OH

OH

OH

OH

HO

retro-aldol

aldol condensation, then hydrogenation

O

O

C7-C10 products

Aqueous phase
reforming

Aqueous phase
reforming

A. Kirilin



Chem.
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Paper
&

BoardMech.
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Many opportunitiesHemicelluloseHemicellulose



• Backbone: β-galactopyranose
• D-galactopyranose, L-arabinofuranose and D-

glucuronic acid side chains.

• Potential for many products !

Gal Gal Gal Gal Gal GalGal

Gal

GlcA

Ara

Ara

Gal

Gal

Ara
Ara

Ara:Gal:GlcA ~ 19:80:2
Molar mass 20,000 – 100,000

ArabinogalactansArabinogalactans

Gal

Ara
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Selective oxidation
Speciality chemicals
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XylitolXylitol
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Oxidation of aldehydes/alcohols

O H

OH
OH

H

H

OH
H

OH

Arabinose

OH

Arabinonic acid

Temperature 60°C
pH 6 - 10
O2 flow rate 2.5 ml/min
P atm.

Galactose Galacturonic acid



Impregnation: Not Good!

Au has a lower melting point and a lower affinity for 
metal oxides than Pd and Pt. 

Also, during calcination of HAuCl4, chloride ion 
markedly enhances the coagulation of gold particles

PreparationPreparation



• Co-precipitation: well-mixed precursors, for 
example, hydroxide, oxide, with the metal 
component of the support by coprecipitation.

• These precursor mixtures are then transformed
during calcination in air at temperatures above 
550K into metallic Au particles strongly attached 
to the crystalline metal oxides such as Fe2O3, 
Co3O4.

PreparationPreparation



• Deposition of Au compounds, Au hydroxide, to the
surface of a metal oxide

• Due to the amphoteric properties of Au(OH)3, the pH of
aqueous HAuCl4 solution is adjusted at a fixed point in
the range of 6 to 10, and is selected primarily based on
the isoelectric points (IEP) of the metal oxide supports.

Deposition-precipitationDeposition-precipitation



• Deposition of Au compounds, Au hydroxide, to the
surface of a metal oxide

• It is not applicable to metal oxides, the IEPs of which are
below 5, and to activated carbon. Gold hydroxide cannot
be deposited on SiO2(IEP=2);  SiO2-Al2O3 (IEP=1).

Deposition-precipitationDeposition-precipitation



Conventional DPConventional DP



S. Ivanova, V. Pitchon, C. Petit, J. Mol. Catal. A: Chem. 256 (2006) 278

Direct exchange method
HAuCl4,

Support

60 min

NH4OH (4 M)

Filtration, 
washing
with water

Drying at 100ºC

Calcination
300ºC, 4h. 

70ºC 70ºC

Gold on metal oxidesGold on metal oxides



Scheme of the active component formation

OH OH

γ-Al2O3

O O

γ-Al2O3

Au
Cl Cl

O O

γ-Al2O3

Au

OH OH

70ºC

2 NH4OH
+   2NH4Cl

70ºC

+ [AuCl2(OH)2]-

pH 4-5

O O

γ-Al2O3

Au0

Calcination

Can be applied for Al2O3, TiO2, CeO2, ZrO2 only
+ Complexes of amonia with gold

Olga Simakova, 2009

Direct exchangeDirect exchange
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Changing dispersionChanging dispersion



2 2 wtwt. % Au. % Au//AlAl22OO33
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Changing dispersionChanging dispersion
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Changing dispersionChanging dispersion
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Mesoporous carbon material Sibunit
(SBET = 450 m2/g, micropore area 37.7 m2/g )

Surface chemical groups 
specific to polycrystalline quasi-graphitic carbons

Chromene
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OH
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HO
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OH

C OH
O
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O

C
O
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O

C
RH

CnHk

H

Carboxylic

Phenolic

Phthalic

Lactone

Aldehyde

Carbon
chains

Pyrone

Quinone

π-sites:
C6 rings, edge 
>C=C< bonds

C7 and C5
ringsPyran

Free
radicals

Ethers
Oxidation of carbon by 

5 wt. % HNO3 12h, at 250C

Olga Simakova, 2009

Gold on carbonGold on carbon



• Gold sols formation with polyvinyl alcohol (PVA); reduction 
by NaBH4 ; drying at 60°C overnight.

HAuCl4
+

PVA

Reduction by 
NaBH4

Carbon
support

F.Porta et al. // Cat. Today, 61 (2000), 165-172 Olga Simakova, 2009

1 wt% Au/carbon1 wt% Au/carbon
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• XPS
• UV-vis
• TEM
• Chemisorption does not work!

CharacterizationCharacterization



UV-visUV-vis



Betiana Campo, 2009

XPSXPS



Betiana Campo, 2009

XPSXPS



Betiana Campo, 2009

XPSXPS



Betiana Campo, 2009

XPSXPS



Catalysts: cluster size

2% Au/Al2O3   Direct ion exchange (DIE)
Deposition-precipitation with urea (DPU)
Impregnation

Calcination temperature (DIE) 300°C
400°C
500°C
600°C

Olga Simakova, Bright Kusema, Betiana Campo



Characterization

Size of particles (TEM)
-average Au particles 1-20 nm

Metal loading (ICP)
-2.0 wt. % Au

Electronic state of gold species (XPS)
-metallic gold species

Catlytic activity in sugar oxidation

Olga Simakova, Bright Kusema, Betiana Campo



2% Au/Al2O3

DIE  2.2 ± 1.0 nm 

DPU  2.3 ± 0.6 nm. 

IMP  2.9 ± 0.6 nm

28.1 ± 22.9 nm 
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2% Au/Al2O3

DIE 300°C  2.2 ± 1.0 nm 
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DIE 400°C  2.7 ± 0.7 nm 

DIE 600°C  3.7 ± 1.5 nm 
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XPS – Fresh catalyst

50

100

150

200

250

300

350

400

450

500

550

600

650

700

808284868890

B.E. (eV)

In
te

ns
ity

 (c
ou

nt
s/

s)

DIE 300°C

DIE 400°C

DIE 500°C

DIE 600°C

IMP

Au°

Olga Simakova, Bright Kusema, Betiana Campo



Zoom

pH mV
Shaker setup

1 - pH electrode 
2 - Ag/AgCl reference electrode
3 – thermocouple
4 - cooling coil 
5 - grid
6 - alkaline inlet (for pH-stat)
7 - electronics socket 
8 - gas outlet
9 - inlets for cooling water 
10 - gas inlet
11 - electrode collector (shell of reactor)
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11 - electrode collector (shell of reactor)

Zoom

pH mV
Shaker setup

pH mV
Shaker setup

1 - pH electrode 
2 - Ag/AgCl reference electrode
3 – thermocouple
4 - cooling coil 
5 - grid
6 - alkaline inlet (for pH-stat)
7 - electronics socket 
8 - gas outlet
9 - inlets for cooling water 
10 - gas inlet
11 - electrode collector (shell of reactor) Bright Kusema



Kinetic curves; E(mV) vs. XArabinose

2% Au/Al2O3, T = 60°C, pH 8, O2 2.5 ml/min.

Results
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Dependence of activity on cluster size

0 2 4 6 8 10 12 14 16 18 20 22
0.000

0.001

0.002

0.003

0.004

0.005

0.006

0.007

 

 
R

at
es

, m
ol

/g
*s

Au, nm

Olga Simakova, Bright Kusema, Betiana Campo



• Gasification

•• PyrolysisPyrolysis

•• DepolymerizationDepolymerization to get low molecular mass components to get low molecular mass components 
(sugars, phenols, (sugars, phenols, furfurolfurfurol, etc. ), e.g. , etc. ), e.g. building blocksbuilding blocks

•• Delignification (cellulose, derivatives, paper)Delignification (cellulose, derivatives, paper)

•• Extraction of valuable chemicals (bioactive componentsExtraction of valuable chemicals (bioactive components))

Treatment of woodTreatment of wood









Green diesel







REFINERY BASED NEXBTL UNIT

NExBTL-Process
Conversion

of fatty acids
to

parafins and 
isoparafins

Stabilization

Feed tank

Pretreatment
Impurities
removal

Fuel gas

Sour water

Sludge 
Acid
Caustic
Water

Hydrogen

Bio Oil

Biodiesel
tank

Diesel
tank

Diesel +
Biodiesel
Blends

NExBTL component sales

Mineral oil diesel 

Bio Oil - Rape seed oil
Palm Oil
Soya Oil
Animal fat

Porvoo, 170 kt/a
XVIII International Conference on Chemical Reactors CHEMREACTOR-18 September 29 - October 3, 2008, Malta





Feedstocks: bio-oilFeedstocks: bio-oil



Chem.
pulping

Paper
&

BoardMech.
pulping

Chem.pulp
(Cellulose)

Tall Oil

Lignin

Mech.
pulp

Chips

Feedstocks: wood based oilFeedstocks: wood based oil



Resinous yellow-black oily 
liquid composed mainly of a 
mixture of rosin acids, fatty 
acids and sterols; obtained 
as a byproduct in the 
treatment of pine pulp.

Tall oilTall oil

Rauma, Finland



Triglycerid
e

Fatty acid 
ester

Fatty acid

CH2── O ── C ── R′

CH── O── C── R′′

CH2── O ── C ──
R′′′

O

O

O

CnH2n+1── O ── C ── R′

O

H── O ── C ── R′

O

het. cat.

het. cat.

het. cat.

3CO2    + R′-H + R′′-H + R′′′-H + light CXHY

CO2 + CnH2n +  R′-
H

CO2 +  R′-H 

Biodiesel

R′, R′′, R′′′ = Fatty acid alkyl chain,  (saturated and unsaturated, C5-C23)

Renewable source

CnH2n+1 = Ester alkyl group (C1-C4)

Animal fats & 
vegetable oils

Wood

DEOXYGENATION CHEMICAL 
PROCESSES

XVIII International Conference on Chemical Reactors CHEMREACTOR-18 September 29 - October 3, 2008, Malta



• Over 70 tested catalysts
– with a wide variety of metal and support

combinations
• metals

– Pd, Pt, Rh, Os, Ni, Mo, Ru and Ir

• support
– metal oxides (Cr2O3, Al2O3, SiO2 and MgO)
– zeolites ( ZSM-5, Mordenite, BETA and Y)
– mesoporous materials (MCM-21 and MCM-41) 
– carboneous material (activated carbons and carbon

cloths) 

– with different metal contents



Catalyst screening in the deoxygenation of 
stearic acid

Reaction conditions: 0.15 mol/l Stearic acid in dodecane, 1g of catalyst, P= 6 bar (He) and T = 300˚C 
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Reaction conditions: 0.15 mol/l Stearic acid in dodecane, 1g Pd/C, P= 6 bar (He) and T=300˚C 
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Catalyst development

• over 20 prepared 5% Pd/C catalysts
– with different activated carbon supports

• birch, peat and coal based

– with a wide variety of preparation techniques
• metal deposition (impregnation and precipitation) 
• carbon activation (heat and chemical treatment)
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Ethyl stearate n-heptadecane

Reaction conditions: 0.1 mol/l Ethyl stearate in dodecane, 1g Pd/C, P= 7.5 bar (H2) and T=320˚C 



Optimization

• Effect of
– temperature
– pressure
– reactant concentration
– solvent
– atmosphere
– catalyst mass and metal content
– catalyst pretreatment
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Stearic acid 

Tristearin

(Stearic acid triglyceride)

Ethyl stearate

(Stearic acid ethyl ester)
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Reaction conditions: 1.6 mol/l feed in dodecane, 1g Pd/C, P300˚C = 17, P 360˚C = 40  bar in Ar +H2(5%) atmosphere

(n = number of fatty acid groups)

n-Heptadecane



Fixed bed reactor

Deactivation?
Mass transfer?
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• Catalyst stability and 
deactivation

• Deoxygenation of 
different feedstocks



Continous decarboxylation of ethyl stearate

Reaction conditions: 0.16 mol/l Ethyl stearate in hexadecane, 0.4g Pd/C, V’=0.1 ml/min
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Reaction conditions: 0.16 mol/l Ethyl stearate in hexadecane, 0.4g Pd/C, V’=0.1 ml/min, T = 330˚C  and P = 5  bar 
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Trickle bedTrickle bed
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5 wt-% Pd/Sibunit, reaction temperature 360 oC, reaction pressure 10 bar (first argon, 
then 5% hydrogen in argon), volumetric flow rate of stearic acid 0.075 ml/min. 

Deoxygenation: neat stearic acidDeoxygenation: neat stearic acid
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