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CO2 as feedstock: carbon dioxide is produced in large amounts 
from industrial processes and fuel combustion.

CO2

CO2
as feedstock 

CO2 fixation by its conversion to valuable chemicals

inexpensive, widely-available, renewable and 
non-toxic (→ green) C1-feedstock .

• Power plants
• Cement industry
• Steel industry
• NH3 production

Challenge: 
Conversion of a thermodynamically highly stable molecule as CO2.

[Review: Green Chem., 2019, 21, 406]



U
ni

ve
rs

ity
 o

f 
G

ro
ni

ng
en

4

CO2

CO2 as feedstock

O

Rʹ Rʺ

OO

O

R Rʺ
O

Rʺ

Rʹ

O

O
n

and/or

H2

CH4

or

CH3OH

HCOOH
or

H2C=CH2



U
ni

ve
rs

ity
 o

f 
G

ro
ni

ng
en

Viable approach: reaction of CO2 with high free energy compounds (H2, epoxides, amines)

Reaction of CO2 with epoxides
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The reaction of epoxides with CO2 is typically catalysed by a combination of:

 A nucleophile (X-).

 A Lewis acid (LA) site
(a metal or a hydrogen bond donor)

Catalytic conversion of CO2 to cyclic and polymeric carbonates
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High selectivity towards 
cyclic product if X > LA 
and/or if LA is not a metal.
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Limitations of metal catalysts:

 Expensive

 Sensitive to moisture and air

 Possibly toxic

 Need for a co-catalyst

L

M
L L

L

Metal complexes MOF

Advantage of metal-based catalysts: 

high activity 

Metal-based vs. metal-free catalysts

Most catalysts for the conversion of CO2 to cyclic and polymeric carbonates are
metal-based.

Can we develop metal-free catalysts for the conversion of CO2?
7
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Homogeneous organocatalysts

[Hopefully soon available as a publication] 

First strategy
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Homogeneous vs. heterogeneous catalysts

Can we have a similar combination of active sites in a metal-free heterogeneous 
catalyst? 

 A nucleophile (X-).

 A hydrogen bond donor as (mild) Lewis acid (LA) site

Resin bead

Cl -

active
site OH

Amb-OH-910-Cl

2 N
CH3

CH3

Cl

CH   CH2 CH 2CH

CH   CH2

CH

Inexpensive, commercial anion-exchange resin beads

Second strategy
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Resin beads as catalysts for the conversion of CO2 to cyclic carbonates

Macroscopic porous Amberlite resin beads
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Amb-OH-910-I

Bead format ⇒ easy separation Porous structure ⇒ accessibility 
to the active sites

TGA

Thermal stability well 
above the reaction T
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Resin bead

Cl -

active
site OH

Amb-OH-910-Cl

2 N
CH3

CH3

Cl

CH   CH2 CH 2CH

CH   CH2

CH

halide (Cl-, Br-, I-)
can be tuned

Amb-OH-910 in iodide form gives highest activity in the synthesis of cyclic carbonates.

[ACS Sustain Chem Eng, 2020, 8, 7993]
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Resin beads as catalysts for the conversion of CO2 to cyclic carbonates

The catalytic activity can be tuned by ion-exchange of the halide ion acting as 
nucleophilic catalytic species.
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Glycerol carbonate

OH
OH

HO

glycerol

+      CO2 +      H2O

glycerol carbonate
• lubricants
• adhesives
• surfactants
• green solvent
• monomer

∆rG0 > 0

Direct carbonation is thermodynamically unfavourable.

propylene carbonate
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A thermodynamically viable alternative:
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catalysts 
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Third strategy
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Can we use an Amberlite resin bead to catalyse the transcarbonation reaction?

Transcarbonation

Transcarbonation is a base-catalysed reaction:

OH

Amb-OH-910-Cl

2 N
CH3

CH3

Cl

CH CH2 CH 2CH

CH   CH2

CH
4 h / 65  ͦC

NaOH / H2O 

OH

Amb-OH-910-OH

2 N
CH3

CH3

OH

CH CH2 CH 2CH

CH   CH2

CH

Cl I OH hydrotalcite
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Can we perform the whole process in one pot?

Our initial strategy: combine the optimum catalyst for the cycloaddition of CO2 to 
the epoxide with the best catalyst for the transcarbonation.
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One-pot reaction
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Reality is less conventional than our expectations…

Catalytic system
I : OH ratio

(%)

Yield (%)
Propylene 
carbonate

Propylene
glycol

Glycerol 
carbonate

100:0 36 48 17
75:25 24 51 15
50:50 17 51 13
25:75 11 50 10
0:100 3 43 4

Reaction conditions: PO (20 mmol), aqueous glycerol (20 mmol), catalysts (95
mg), 115 °C, 20 bar CO2, 2h.

 Highest glycerol carbonate 
yield with Amb-OH-910-I alone

 Amb-OH-910-OH catalyses the 
hydrolysis of propylene oxide 

Glycerol carbonate yield can be increased using higher propylene oxide : glycerol ratio

Catalyst
PO:glycerol

(mmol:mmol)

Yield (%)
Propylene 
carbonate

Propylene
glycol

Glycerol 
carbonate

Amb-OH-910-I 20:0 76 0 0
Amb-OH-910-I 20:5 67 23 69
Amb-OH-910-I 20:10 51 33 50
Amb-OH-910-I 20:20 36 48 17
Amb-OH-910-I 20:40 32 53 8

One-pot reaction

15Reaction conditions: glycerol: 115 °C, 20 bar CO2, 2h. 
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Catalyst Reactant
Yield (%)

Propylene
glycol

Glycerol 
carbonate

Amb-OH-910-I 
Propylene

oxide
23 69

Amb-OH-910-I 
Propylene
carbonate

7 28

Reaction conditions: glycerol : propylene oxide (or carbonate) = 1: 4,
115 °C, 20 bar CO2, 2h.

How can we explain that Amb-OH-910-I 
is more active in the whole one-pot 
process than in the second step alone?

OH
OH

HO + OO

O

HO
OH

OH
+ OO

O

OH
OH

HO OO

O

HO
OH

OH
+ +  CO2

O
+ 
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One-pot reaction
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Catalyst Reactant
Yield (%)

Propylene
glycol

Glycerol 
carbonate

Amb-OH-910-I 
Propylene

oxide
23 69

Amb-OH-910-I 
Propylene
carbonate

7 28

Reaction conditions: glycerol : propylene oxide (or carbonate) = 1: 4,
115 °C, 20 bar CO2, 2h.
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= Glyceroxide

How can we explain that Amb-OH-910-I 
is more active in the whole one-pot 
process than in the second step alone?

We propose a mechanism in which an 
intermediate of the cycloaddition can 
promote the transcarbonation reaction.

One-pot reaction mechanism

[ChemCatChem, 2021, 13, 475] 17
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 The fixation of CO2 into cyclic carbonates is an attractive route to convert a 
waste gas into useful chemical products (global market: ~100 kton/year).

 Our group has developed active, selective, cost-effective, upscalable
catalysts for producing cyclic carbonates.

Conclusions

18

CO2

[Curr. Opin. Green Sustain. Chem., 2021, 29, 100457]
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