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CO2 Chemistry: Why?

The world is running out of oil and gas

>90% of all commercial organic chemicals are sourced from crude oil

The 2012 BP statistical review of world energy 

(http://www.bp.com/statisticalreview) indicates that:

1.Known reserves of oil will be consumed in 54 years
2.Known reserves of gas will be consumed in 64 years

3.Known reserves of coal will be consumed in 112 years

These predictions assume that consumption of the fossil fuels 

remains constant at current levels and they have risen every year 
since 1982 except for 2009! 

We need alternative, sustainable starting materials for the chemicals 

industry and CO2 is one such sustainable resource. 



Main reactions of CO2

1: Reduction (C1 chemistry)
2: C-C bond forming reactions

3: Reaction with epoxides 
Reduction to CO



Catalytic hydrogenation of CO2

Enormous area: issues with catalyst lifetime, activity and selectivity
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pilot plant in Japan using a SiO2 modif ied Cu-ZnO catalyst at 250 oC, 50 atm.

commercial production in Iceland using geothermal energy (Carbon Recycling Int.)

Hr = -106 kJ mol-1 for CH3OH from CO2; Hr = -230 kJ mol-1 for CH4 f rom CO2



Catalytic C-C bond forming reactions

H2C CH2 + CO2
Hr = -43 kJ mol-1

catalyst
CO2H

no good catalyst exists.
Ni, Mo and W complexes show some activity

Ni complexes also 

catalyse the reactions 
between CO2 and 

other alkenes.  

Limbach Chem. Eur. J. 2012, p14017 
breakthrough in Ni catalysis, catalytic cycle determination



Formation of cyclic carbonates: 1

Commercial process for over 50 years, currently about 2 
Mtonnes of cyclic carbonates made this way every year  

Not a difficult reaction to catalyse. Any Lewis acid or Lewis base will 

catalyse the reaction, but usually at >110 oC and >10 atmospheres CO2

pressure. e.g. 

R4NBr, R4PBr, DMAP, ionic liquids, phenol, DMF, DBU, carbenes,

ZnBr2, ZnCl2, LiBr, NaI, KI, KCl(18-crown-6), KBr, AlCl3, CoCl2, VCl3, 
FeCl3, SmOCl, Ni(PPh3)2Cl2, Sc(OTf)3, Re(CO)5Br, RuCl3, SnCl4, InCl3
Metal[phthalocyanine, porphyrin, quinolate, tetraazamacrocles or salen]
Electrochemical, MgO, Al2O3, CeO2, Nb2O5, polyoxometallates



Formation of cyclic carbonates: 2
The challenge is to catalyse the reaction under mild reaction 
conditions (< 1 bar pressure and <100 oC). This requires 

bifunctional catalysis to activate both the epoxide and CO2.

The best catalysts tend to be M(salen) complexes where M = Al, 

Co(III), or Cr(III). e.g. [Al(salen)]2O / Bu4NBr, catalyses cyclic 
carbonate formation from terminal epoxides at room temperature 

and one atmosphere pressure in three hours with no solvent. 

Chem. Eur. J. 2010, p6828



Formation of polycarbonates

This is also a 

commercial 

process



Other notable initiators

Challenges

Initiator must not colour the polymer, Mild reaction conditions,
Controllable polymerization allowing Mn and PDI to be controlled



Challenges 1: Can your catalyst do this?

N2, CO2 (6-13%) and water vapourN2 and water vapour

Flow reactor

product 
collection

Co-reagent storage

Utilize waste CO2 directly from power stations, cement works, chemical 
plants, oil refineries, iron and steel works, aluminium producers etc



2: Where will the other reactant come 
from?

Role for biotechnology in providing the required reactants. e.g. Propan-1-
ol or propan-2-ol are needed to produce propylene oxide which could be 

converted into either propylene carbonate or polypropylene carbonate. 

Major problem for CO2 hydrogenation – where will the H2 come from?



3: How sustainable is your catalyst?
Oil is not the only chemical we are running out of. 

Many elements are endangered.
http://www.chemistryinnovation.co.uk/



Vision of CO2 chemistry for 2050
1. Low lying fruit will have been 

commercialized

• Global production of cyclic and polycarbonates substantially increased.

• Production of less sustainable alternatives substantially decreased.

• Cyclic / polycarbonates produced using waste CO2.

• Cyclic / polycarbonates produced using sustainably produced epoxides.

• Cyclic / polycarbonates produced using a sustainable catalyst. 

For example CO2 and epoxides to cyclic or polycarbonates



2. Substantial number of medium height 
fruit at development / pilot plant stage

Examples might include.

• Ethanol from CO2 and H2. 

• Acrylic acid from CO2 and ethene.

The beginnings of a CO2 based integrated chemicals industry.

Ethanol can be dehydrated to ethene or oxidised to acetaldehyde 

and acetic acid. 

Acetic acid and ethanol gives ethyl acetate. 

Ethyl acetate and sodium ethoxide gives ethyl acetoacetate etc. etc.



3. A flue-gas utilization facility 

Flue gas cannot be 
bottled, purchased or 

easily generated in 
the laboratory. 

Any EU funded CCS 
system should be 

forced to include 
CCU test facilities to 

encourage the 
development of 

chemistry which can 

use flue-gas.

CCU test facility
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1. Pre CO2 capture

2. Post capture

3. Post compression



4. Renewable energy production linked 
to H2 generation.

The EU has a long coastline. 

Tidal power has a much higher energy density than wind power.
Tides are predictable, they come in and out twice a day.

At least one of these will be at night when energy not needed.

Use this energy to electrolyse sea water to produce H2 and use the 

H2 to reduce CO2 initially to MeOH or CH4.

Later generation plants could produce EtOH / higher alkanes for use 
as transport fuel instead.
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