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CO2  - Vom Problemfall zum Rohstoff? 

Chem. Eng. News, April 30, 2007.  

Le Figaro, 22. Decembre 2008.  

The chemical engineer, 2009, 46-47.  

FAZ, 27. April 2011 
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Prof. Dr. Fritz Asinger 
Ordinarius für Technische Chemie an der RWTH 

1959-1972 

Werden einmal die fossilen Rohstoffquellen noch knapper und teurer  

oder gehen diese völlig zu Ende […] 

bleibt außer den Biomassen nur noch […]  

Kohlensäure als Rohstoffquelle.  

CO2 as Sustainable Carbon Source: A Long-Term Vision  

published 1982 
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Anthropogenic CO2 emission  

ca. 30 x 109 t a-1 

Potential of CO2 as C1-building block  

ca. 100 x 106 t a-1 

Thus, the question to be asked in this context is not primarily  

 

“How much can we reduce the CO2 emission?”  

 

but more importantly  

 

“What can we do with CO2”? 

 

M. Peters, B. Köhler, W. Kuckshinrichs, W. Leitner, P. Markewitz, T. E. Müller,  

ChemSusChem 2011, 4 1216–1240; 
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Catalytic CO2 Utilization  
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 identifying pathways and products 

 understanding and developping catalysts 

 adressing energetic constraints 

M. Peters, W. Leitner, T. E. Müller, et al. ChemSusChem 2011, 4 1216–1240; 

B. Rieger, W. A. Herrmann, F. E. Kühn, et al. Angew. Chem. Int. Ed. 2011, 50, 8510 – 8537. 

cf.: W. Leitner, Coord. Chem. Rev. 1996, 153, 257-284; 



Explorative  

Technologies 

 

• Carbonates 

• Isocyanates 

• Carboxylic acids  

• and many more…….. 

•„Dream reactions“  

• Photo-catalysis 

• Electro-catalysis 

Emerging  

Technologies 

 

• Polymers from CO2 

 

 

 

• Hydrogenation of CO2 

   (CH3OH, CH4,…) 

 

Existing  

Technologies* 

 

• Urea            107     Mt/a 

 

• Methanol             2     Mt/a 
   (addition to syngas)    

 

• Cycl. carbonates 0.04  Mt/a 

  

• Salicylic acid       0.025 Mt/a 

Innovation needs long-term, fundamental research! 

* Estimated annual consumption of CO2; data based on Dechema White Paper, 2009.  

M. Peters, B. Köhler, W. Kuckshinrichs, W. Leitner, P. Markewitz, T. E. Müller,  

ChemSusChem 2011, 4 1216–1240; 
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Polyether-polycarbonate-polyols => Polyurethane (PUR) 

Polycarbonates 
(e.g. Novomer/USA; SK/Korea; BASF + TU München) 

Cat. B 

Cyclic Carbonates 

(industrialized for R = H, Me)  

Cat. A 

Reaction of Epoxides and CO2: The Catalyst Defines the Way 

(BMS, BTS, RWTH) 



Dream Production: Cooperation between Energy and Chemistry Sectors 

CO2-Source  

and Separation 
CO2-Transformation  

and Processes 

Product Formulation  

and Properties 

Fundamental Scientific 

Investigations  

Catalyst and Reaction 

Life Cycle Analysis 

Pilot plant operating at Leverkusen since February 2011 

Polyether-Polycarbonat-Polyol => PUR 

Cat C 

cyclic carbonate 

+ 

http://www.bmbf.de/


Katalytische Hydrierung: Wasserstoff und CO2  

3H2 + CO2 CH3OH + H2O

„Methanol Economy“ (MFC, MTG, MTO,…)  

Energiespeicherung  

Ameisensäure  

(Grundchemikalie, CO-Synthon, H2-Speicherung)  



-1,38

4,29

0,530,24

-2

-1

0

1

2

3

4

5

 t 
(C

O
2
) 

p
e

r 
t 

(M
e

th
a

n
o

l)
 

syngas 
(current technology) 

CO2 + H2 
(hydrogen from 

natural gas) 

CO2 + H2 
(hydrogen from 

electrolysis with 

German power mix) 

CO2 + H2 
(hydrogen from 

electrolysis with 

hydroelectric power) 

CO2-balance for methanol production scenarios 

3H2 + CO2 CH3OH + H2O

„Methanol Economy“ (MTG, MTO, DME, MFC.…)  

M. Peters, B. Köhler, W. Kuckshinrichs, W. Leitner, P. Markewitz, T. E. Müller,  

ChemSusChem 2011, 4 1216–1240; 







H 2     +    CO 2   HCO 2 H 
DMSO, NEt 3 

25°C 

 = 40 atmp  = 40 atmp = 1 atmp

TOF = 1350 h-1 

W. Leitner, Angew. Chem. 1995, 107, 2391; 

D H 298  =  -  31.6 kJ mol ° -1 

D G 298  =  +  32.9 kJ mol ° -1 

W: Leitner, E. Dinjus, F. Gaßner,  

J. Organomet. Chem. 1994, 475, 257. 

P

Rh

P O

O

CF3

CF3

R. Fornika, H. Görls, B. Seemann 

W. Leitner, Chem. Commun. 1995, 1479.  



W. Leitner, Angew. Chem. 1995, 107, 2391; 

C. Federsel, R. Jackstell, M. Beller, Angew. Chem. 2010, 50, 6254.  

CO 2     +     H 2 

solvent  /  base 

cat. 
HCOOH 

Cl

Ru

Cl
Me3P PMe3

PMe3Me3P

P. G. Jessop, T. Ikariya,  

R. Noyori,  

Nature. 1994, 368, 231. 

TOF: 1400 h-1 

scCO2  NEt3 

base 

TOF:  3340 h-1 

H2O HNMe2 

Rh(TPPTS)3Cl 

SO3Na

NaO3S

P

SO3Na

F. Gaßner, W. Leitner,  

Chem. Commun. 1993, 1465. 

TOF: 150 000 h-1 

H2O KOH 

R. Tanaka, M. Yamashita,  

K. Nozaki, 

J.Am.Chem.Soc. 2009, 131 14168. 

P. J. Dyson. G. Laurency,  

M. Beller, et al. 

Angew. Chem. 2010, 50 9777. 

TOF: 30 h-1 

H2O  NaHCO3 

[Fe(PP3)H][BF4] 



H2 + CO2 

Base  

Base  

HCOOH HCOOH  

HCOOH Catalyst  

HCOOH 

Base  

Catalyst  
HCOOH 

State of the art: multi-step processes, e.g. BP (80‘s); A. Behr, 2004; B. Han, 2009;  

T. Schaub, R. A. Paciello, Angew. Chem. Int. Ed. 2011, 50, 7278-7282; 

S. Wesselbaum, U. Hintermair, W. Leitner,  2012, submitted.  

Reaction Separation 

CO2  

H2  



S. Wesselbaum, U. Hintermair, W. Leitner,  2012, submitted.  

One-step integrated process for pure formic acid 



S. Wesselbaum, U. Hintermair, W. Leitner,  2012, submitted.  

Ionic 

Liquid 

CO2 



S. Wesselbaum, U. Hintermair, W. Leitner,  2012, submitted.  



D H 298  =  -  31.6 kJ mol     ° 

D G 298  =  +  32.9 kJ mol     ° 

- 1 

- 1 

   catalyst 

D H 298  =  -  16.2 kJ mol     ° 

D G 298  =  +  55.2 kJ mol     ° 

- 1 

- 1 

Formic acid 

Acetic acid,  

acrylic acid,  

benzoic acid, 

.... 

solvent / base 

Dream Reactions: Direct Synthesis of Carboxylic Acids from CO2 



23 

S. P. Nolan and coworkers, J. Am. Chem. Soc. 2010, 132, 8858. 

.S. P. Nolan and coworkers, Angew. Chem., Int. Ed. 2010, 49, 8674. 

Z. Hou and coworkers, Angew. Chem., Int. Ed. 2010, 49, 8670 

Nolan, 2010 

 
Hou, 2010 

 

Carboxylation of Aromatics: State of the Art 

[Rh(coe)2Cl]2 / PCy3 

2 eq. Al(Me)2(OMe) 

H. Mizuno, J. Takaya, N. Iwasawa,  

J. Am. Chem. Soc. 2011, 133, 1251. 

Ieasawa, 2011 

 



Carboxylation of Aromatics: „Design“ of a catalytic cycle 24 

Uhe, M. Hölscher, W. Leitner, Chem. Eur. J. 2012, 18, 170-177. 



Carboxylation of Aromatics: „Design“ of a catalytic cycle 25 

Uhe, M. Hölscher, W. Leitner, Chem. Eur. J. 2012, 18, 170-177. 



„In-silico“ catalyst screening 26 

A. Uhe, M. Hölscher, W. Leitner, Chem. Eur. J. 2012, 18, 170-177 

TOFcalc = 1.6 ∙ 10-9 h-1 

neat, BDN 

TOFcalc = 1.4 ∙ 104 h-1 

Acetone, NEt3 

TOFcalc = 1.9 ∙ 106 h-1 



27 

• 38 RhI complexes 

• 26 neutral & 12 anionic 

• only known ligand structures 

• Broad variation of electronic 

and geometric parameters 

D. G. Gusev and coworkers, Organometallics 2005, 24, 2492; O. V. Ozerov  and coworkers, Organometallics 2007, 26, 

6066; M. M. Taqui Khan and coworkers, J. Mol. Catal. 1984, 26, 207; K. Nozaki and coworkers, J. Am. Chem. Soc. 

2009, 131, 9201; M.-T. Lee, Inorg. Chem. 2004, 43, 6822; W. C. Kaska  and coworkers, Organometallics 1988, 7, 13. 

PC-P  

Kaska, 1988 

PC0P 

Lee, 2004 

PB-P  

Nozaki, 2009 

PN0P        

Taqui Kahn, 

1984  

PN-P   

Ozerov, 2007 

POP  

Gusev, 2005 

The fundamental step: CO2 insertion into Rh-C bonds 

CO2 



Control Factors for CO2 insertion into Rh-C bonds 28 

T. G. Ostapowicz, M. Hölscher, W. Leitner, Chem. Eur. J. 2011, 17, 10329-10338. 

Influence of the 

ligand? 

DGTS 

30 1 - 7 

+5   to  +47  kcal mol-1  
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• Urea            107     Mt/a 

 

• Methanol             2     Mt/a 
   (addition to syngas)    

 

• Cycl. carbonates 0.04  Mt/a 

  

• Salicylic acid       0.025 Mt/a 

Innovation needs long-term, fundamental research! 

* Estimated annual consumption of CO2; data based on Dechema White Paper, 2009.  

M. Peters, B. Köhler, W. Kuckshinrichs, W. Leitner, P. Markewitz, T. E. Müller,  

ChemSusChem 2011, 4 1216–1240; 
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RWTH 2020: Fostering Interdisciplinary Research 
 => Project House as framework for large scale cooperation 

BioTec 

Sustainable Processes  Selective Transformation of Biomass   CO2 Utilization 

Process 

Engineering 

NGP2 
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