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_I'\ Top 10 of the Global Problems

Water

Poverty

Terrorism and war
Health

Education

Problems 2-9 are direct or

Democracy indirect related to energy!

© 0 NGO AAMWDLPRE

Population

Richard. E. Smalley, MRS Bulletin 2005, 30, 412-417.
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_I\ No Energy without Carbon Dioxide

Geschitzter Anteil am weltweiten Zunahme der Emissionen Zukiinftige Entwicklung ochne
Klimagasausstol im Jahr 2004 wvon 1970 bis 2004 Klimaschutzanstrengungen

Energy: More than 25%0 of all climate relevant gases are produced for energy (2004). In the last
35 years emissions increased by a factor of 1.5. In 2030 additional 50 percent carbon dioxide and
other gases will pollute our atmosphere if we do not change.




Global Problems - Local Actions

In the last ten summers the water
ice area has been decreased
statistically by 100.000 km2 per
year. In 2007 the decrease was 1

Million km?2,
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_I\ The Potential Impact of Carbon Dioxide

Stabilization |  Globalmean | year co, rear €02 | Reduction in 2050
level B needs to CO, emissions

(ppm CO,-eq) | 3t eq'(’;g')“"”m peak bacTeiLIZOOO compared to 2000

490 — 535 24-28 2000 - 2020 2000- 2040 -60 to -30

535 -590 28-32 2010 - 2030 2020- 2060 -30 to +5

590 -710 32-40 2020 - 2060 2050- 2100 +10 to +60

710 — 855 40-49 2050 - 2080 +25 to +85

855 -1130 49-6.1 2060 - 2090 +90 to +140

The next 20-30 years will determine the concentration of carbon
dioxide for a long time!

K. Thambimuthu, Centre for Low Emission Technology, Queensland/Australien; 17th
WHEC 15.-19. Juni 2008, Brisbane
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—I\ Catalysis = Saving Energy

Energy Energy
4 TS 4 . . economically and
— catalytic reaction =4 ecologically improved
TS2 processes

TS1

better raw material

BduCt e e IA Hr Educt Z=————mm AHg “9 and energy usage;
- Product L roduct m|n|m|zat|0n Of
> I waste
reaction coordinate reaction coordinate

= The science of accelerating chemical reactions.

= More than 80% of all processes in the chemical and pharmaceutical
industry make use of catalytic reactions.

= The value of products made by catalysis exceeds 2.5 x 10% Mio $.
= Key technology for life sciences and environmental industries.
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— \ Catalysis - Solutions for the 21st Century

Contribute to the use of alternative energy supply
(Hydrogen-technology, fuel cells, biomass to liquid, ...)

_/

Allow for CO,-neutral raw materials for the chemical
iIndustry

(use of renewable resources, carbon dioxide, ...) D
Enable new pharmaceuticals (Alzheimer, cancer, HIV, ...), e -
materials (polymers), and consumer electronics ,
J —

More sustainable processes for bulk and fine chemicals
(aniline, phenol, caprolactam, propylene oxide, polyurethane, ...)
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_f\ Raw Material Basis of the Chemical Industry

Today dominant:
= [ossil Fuels
= QOlefines

= Starting from small building blocks
to high value products

M oil, gas B renewables [ coal

In the future (next 20 years):
= Still fossil fuels

= Alkanes

= Renewable ressources, CO,

5 &
!

e

‘5'-' l !'4'- ™

Change of feedstocks needs the
development of new and drastically
iImproved catalytic transformations!
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—l\ How to Use Biomass

A IIl_| X i |
= Biomass and CO, are the only carbon- i '—l,l:“ v+l Ir';;
containing renewable raw materials. {111

* |[f want to make an impact we have to choose the ,,right*
feedstock! Preferable feedstocks are: Cellulose, Hemi-Cellulose,
Lignin, Chitin, agricultural and municipal solid wastes, Algae (?).

» Bulk chemicals and synthetic bio-fuels are most useful products
for establishing renewables on large scale!

* Biomass will have to be accessed in a way that does not
compete with land and agricultural resources for food and feed
production.

= Application of known technologies and products is preferable.
Integration into existing value-added chains.

= Catalysis and engeneering will be key issues.
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_I\ Biomass Conversion - General

e Biomass conversion is based on molecular chemistry and catalysis!

e There are 9 fundamental elementary steps to convert biomass:
hydrolysis, dehydration, hydrogenation, aldol condensation,
Isomerization, decarbonylation, decarboxylation, oligomerization,
WGS.

e Currently we do not use the most efficient renewable ressources;
e.g. cost on energy basis: oil = starch >=> cellulose. There is huge
potential for improvement!

e Example biofuels: 25 MHa are used for bio-fuels (5.000 MHa for
food); controversial debate on the use of crops and palm oil (World
Bank states biofuels are responsible for 75%b rise of food price. It is
not true!)

(f\_atalysis LIKAT
Leibniz-Institut for Katalyse e.V. Matthias Beller, 30 January 2009




_f\ Biomass Used in Germany — Non-Food Area

Anbau nachwachsender Rohstoffe in Deutschland

Anbaufldche in Deutschland von 1997 bis 2008

2.000.000 ®
Im Jahr 2008* (in 1.000 Hektar)
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Challenge: ,,New Catalytic Dream Reactions*

u Hzo EE— H2 -+ Oo

" ;L";_:I:"jf.:. L
W) ’._r,/.‘.

“ | = Lignin — @ + Arenes

= Cellulose (Hemi-Cellulose) _> Alkanes
= Cellulose or ~\_OH —> <CI)

= CO,/H, —— > LAO"s

= Selective oxidation of methane to methanol

= Selective oligomerization of ethylene to LAO”s

low temperature
= Ha+ Ny 5 N,

= Selective catalytic hydrogenation and deoxygenation alcoholes and
carboxylic acid derivatives under mild conditions
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Biomass for Existing Value-added Chains: 1-Octen

= Polyolefins based on ethylene/1-hexene or ethylene/1-
octene have improved properties and are produced
Increasingly. Production volume in 2006 =100 Mio to/a.

= The main current industrial process for these monomers
IS not selective and needs several steps.

= Biomass is a potential feedstock for both co-

= Route 1: Ethanol to ethylene followed
by selective oligomerization.

= Route 2: Ethanol to 1,3-butadiene
followed by telomerization.
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_f\ Shell Higher Olefin Process (SHOP)

KA_B

First industrial example of two phase catalysis (1968)

[ CH,
C4_20-0(,-n q C4—10
Olefins Work-up N\
\ I =
CHO Distillation) ——) Cib1s
Cat. + Solv. c
20+
W. Keim et al. I
DE-P2054009 (1969) SHELL
. Metathesis Isomerisation
W. Keim, Chem. Ing. Cin @7 D E—
Techn. 56 (1984) 850 R (Re/ Al,O5) (Mo/ AlL,Oy) <
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_f\ A Green Process for 1-Octene

The overall process:

NG Pd-cat H. cat _
NN NN\

-~ P + MeOH —» WOMe —- OMe — + MeOH

2 A Pd-cat |

100 % atom efficient

R. Jackstell, M. Gomez Andreu, A. Frisch, H. Klein, K. Selvakumar, A. Zapf, A. Spannenberg, D. Rottger, O. Briel,
R. Karch, M. Beller, Angew. Chem. Int. Ed. 2002, 41, 986-989.

MeOH Telomerisation:

1-MODE
NS W
M WOMG 7 or
~ _ * MeOH —>» + OMe +
' Pd-Kat W —
3-MODE dVCH

d.

Tt ecass  \WY)
= .‘. ), .-‘_ ~/ (

een so far Eroduce
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I \Use Mixtures Instead of Pure Feedstocks

N Alkynes
26 2

2
N
/\l a Vd
Rh(1)/1phos ’ 4
RoNH,C N o~
NH,, CO/H, ) /&
NS
32

20
A. Seayad, M. Ahmed, H. Klein, R. Jackstell, T. Gross, M. Beller, Science, 2002, 297, 1676-1678.

steamcracker
low severity
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— \ Catalysis - Solutions for the 21st Century

Contribute to the use of alternative energy supply
(Hydrogen-technology, fuel cells, biomass to liquid, ...)

Allow for CO,-neutral raw materials for the chemical
iIndustry

(use of renewable resources, carbon dioxide, ...) y
Enable new pharmaceuticals (Alzheimer, cancer, HIV, ...), e -
materials (polymers), and consumer electronics ,
J —

More sustainable processes for bulk and fine chemicals
(aniline, phenol, caprolactam, propylene oxide, polyurethane, ...)
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http://blogs.ittefaq.com/tech/archives/alternative.html

_f\ Renewable Hydrogen is Available

Island Utsira,
Norway

Energy efficiency:

e Electrolysis: 60-70%0

e Si-Photovoltaik: <20%b

e Organic-Photovoltaik: <10%b
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Hydrogen-Infrastructure / Safety Issue

ey sserstoff
” lx\ "' ( ” rt.-‘ia:. imie El:-- I "" sserstoff
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_I\ Carbon Dioxide: Available from Industry

—

|

Geschitzter Anteil am wealtweiten Zunahme der Emissionen Zukiinftige Entwicklung ohne
Klimagasausstol im Jahr 2004 von 1970 bis 2004 Klimaschutzanstrengungen

-

s

E——

Industry: Nearly 20%6 of carbon dioxide emission came from industry (2004). It increased from
1970 bis 2004 by 164%o (9 billion tons of CO, in 2004). If we do not change we will increase emis-
sions up to 14 billion tons in 2030.




_I\ CO,: Feedstock for the Future ?

Cu/Zn zeolite Ti - cat.
co, CH;OH ——> A\ — &
@ -3 H,0 MAO

n
-H20 \
Hydrogen is the key!!

PP: =30 Million to / Jahr
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— \ A CO,-Neutral Cycle for H,-Storage

Ru catalyst
40°C

O
L Non
/ D\m\ " \_usage )

- 2 NR; > 5H,+5CO,+2NR;

&COZ amme]

HCO H- amlne
\ Catalytic
Hydrogenation | * H,
ydarog from Renewable Resources

B. Loges, A. Boddien, H. Junge, M. Beller, Angew. Chem. Int. Ed. 2008, 47, 3962-3965 (,,Hot
paper®). See also for a parallel development: C. Fellay, P. J. Dyson, G. Laurency Angew. Chem.
Int. Ed. 2008, 47, 3965-3967.




_f\ Theoretical Energy Content of Different Substrates

15
U.S. DOE target 2015
EtOH (H,-reforming)
|
MeOH (H,-reforming)

10

m decahydronaphtalene
our syste m.:

m HCO,H v
m methylcyclohexane room temperature

v low space needs

volumetric energy density [MJ/L]

5 HCO,H - 2 NEt, v" unproblematic H,-cleaning

M lithium ion battery (Sanyo UR18650F) -
J v' CO,-neutral
5 HCO,H * 4 HexNMe,

0 T T T T T : : : : T : : : : | : T T T 1
0 5 10 15 20

gravimetric energy density [MJ/kg]
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Towards an Optimized Catalyst

1600 - best TON:

TON 1376
1400 |

1200 +

1000 +

800 -

. [Metal source]

600 -
: [Amine ] 400

200 -

= |Ratio
HCO,H:Amine 28 ;e e

[Ligand] € ¢

Reaction conditions: 5 mL substrate, 19 — 59.5 umol metal, 0-6 eq. phosphine, 40 °C, 3 h

B. Loges, A. Boddien, H. Junge, M. Beller, Angew. Chem. 2008, 120, 4026-4029; Angew. Chem. Int. Ed. 2008, 47, 3962-3965.
A. Boddien, B. Loges, H. Junge, M. Beller, ChemSusChem 2008, 1, 751-758.
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_f\ “CO,-neutral Cycle” for Storage of Hydrogen

E o
membrane

A& | process

L

i

o

H, from renewable

resources
for example: H. Lin, E. Van
Wagner, B. D. Freeman, L.
G. Toy, R. P. Gupta,
Science 2006, 311, 639.
homogeneous
hydrogenation
Our task: of CO,
controlled

decomposition

of formic acid
P. G. Jessop in Handbook of

Into hyd (CLg L=t Homogeneous Hydrogenation,
and carbon Vol. 1, (Eds. J. G. de Vries, C.

dioxide at low Elsevier), Wiley-VCH, Weinheim
temperatures HCOOH 2007, pp. 489-511; see also:
Leitner et al.; Noyori et al.
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_I\ Applications?

Combination of hydrogen generation and fuel cell technology:

(f\atalysis H
Ll i i Kbl fachhochschule

stralsund

Mid term:
mobile and portable applications
e.g. laptop, cell phones

Long term?
A car needs ca. 1 kg H, / 100 km
— ca. 120 kg formic acid per 500 km

or 20 L per 100 km i |

Demonstration: Toy car

Visit of the
German
President at
LIKAT on
26.10.2008




_I\ New Results

\A
\ One day, Albert Boddien
-7 obtained a result that did not fit
L/ into our previous investigations.
V/ \ A few days later, this result could be

reproduced while we took photos (with
flash) of our apparatus.

1400 600
1200 // 500
1000
400 1
T 800 - t
Vgas [ml—] Vgas [MI] 300 §
600 -
400 0 —+— ambient conditions
—— 15 min irradiation
200 - 100
0 ¢ T T
0:00 0:30 1:00 1:30 2:00 2:30 3:00 3:30 4:00 0 ' ' ' ' ' ' ' '
0:00 0:20 0:40 1:00 1:20 1:40 2:00 2:20 2:40 3:00

time [h:mm] —» time [hh:mm] ——

conditions: 5 mL 5 HCO,H - 2 NEt;, 19 umol [RuCl,(benzene)],, 6 eq. PPh, 40 °C - catalyst pretreated in 1 mL DMF at 80 °C, 2h
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_I\ Controlling H, Generation with Light

2000

P

PS4

1500 f -

T | s
;' /

Vgas [ml] 1000 ] ‘4 /VH———Q——’—‘-—O’
i !' oo 0600
1 - - - light on (above)
| - light on/off
500 T, PSS R .

/f —— light off/on
T : - = - light off (below)
| lamp switched

0 &—— ! |

0:00 0:45 1:30 2:15 3:00 3:45 4:30

time [hh:mm] ——
conditions: 5 mL 5 HCO,H - 2 NEt;, 19 pmol [RuCl,(benzene)],, 6 eq. PPh;, 40 °C - catalyst pretreated in 1 mL DMF at 80 °C, 2h
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f\ A Vision for Sustainability

Sun-light
et

o ‘\
—_—

‘. Pharmaceuticals
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_f\ An Early Vision ....

I believe that one day hydrogen and oxygen,
which are the components of water, can be
used as a never ending source of heat and

light, much better than coal. ...

Water will be the coal of the future. “

Jules Verne, The Secret Island (1875)
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Artificial Photosynthesis

Ry 1|
- >

Water + Energy 4—.91 Hydrogen + Oxygen
ﬁ"(‘

Lichtabsorption

Katalysator (Ladungsreservoir)
fir die Hy-Entwicklung

Katalysator (Ladungsreservoir)
fiir die O2-Entwicklung

03+4H"‘

Vierelektronen-
prozess

T

Zweielektronen-
prozess

Membran
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Artificial Photosynthesis: A Light-driven Electron Pump

Smart photosystem 1 with ligand-gated opening into
ion channel 2 and detection of photosynthetic

activity.
OH"
= 2
3
pu
HM —
] »
w3 -
s
© °© M
MH o o-3
_{‘
'”._N ]
1C5 'S _rf;' “:‘.‘-: -
.-'h \, K i '__.-‘_ = ] ] ]
so— f:% o Molecular dynamics simulations of photosystem 1
(A) and ion channel 2 (B) with 12 ligands (red).

S. Bhosale, A. L. Sisson, P. Talukdar, A. Furstenberg, N. Banerji, E. Vauthey, G. Bollot, J.
Mareda, C. Ro6ger, F. Wirthner, N. Sakai, S. Matile, Science 2006, 313, 84-86.
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_I\ Water Cleavage: Status Today

Honda-Fujishima-Effekt (UV-Light; Quantum yields up to 56%0)

TiO, + 2hy —> 2¢e + 2p*" (Activation)
2pt + 2H,0 —> 0,50, + 2H*  (TiO,-Electrode)

2e + 2HF — H, (Pt-Electrode)

H,O + 2Av —> 0,50, + H, (overall reaction)

K. Honda, A. Fujishima, Nature, 1972, 238, 37-38.

2H,0->H, +0,

A: TiO; and Si0,
- thin layers (XPS)
- B: O, slorage
50-85°C by photnadsorption
H,O, N, or Ar C: H, slorage

by physi ti
Build-up of y physisorplion

catalytic centers (cc)

\h.v

% 0, + 2 H*

H,0

Regeneration

Visible Light (Efficiency up to 10%)

P. Ritterskamp, A. Kuklya, M.-A. Wustkamp, K.
Kerpen, C. Weidenthaler, M. Demuth,
Angew. Chem. 2007, 119, 7863.
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Own Experiments: Plasma-treated TiSi,

T1S1, (cat.), Av
HzO y 1/2 02 + H2

100
90 1
80 1 :
- light reaction
70 - 10
-e— heating in the dark,
601 fresh cat.
= 20| =#—heating in the dark,
3 mL H- older cat.
] per 24 h
30 10
20 A
101 Ah—ﬁ"_—#_—_‘
0- : .
ol 55 65 75 85
0 5 10 15 'Ir||| ﬂE

Time (h)

—
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