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High octane (ON= 100)
clean burning fuel,
15.8 MJ/liter. 
M-85 Fuel

CH3OCH3, high cetane
clean burning diesel fuel, LNG 
and LPG substitute.

G.A. Olah, A. 
Goeppert, G.K.S 
Prakash, Beyond Oil 
and Gas: The 
Methanol Economy, 
3rd ed.; Wiley-VCH, 
2018.
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Iceland

Electricity cost ~ 1-2 ¢/kWh  

About 40 kWh are needed to produce a gallon of methanol (11 kWh/L), 
Methanex and Geely are the major share holders

“George Olah CO2 to Renewable 
Methanol Plant” 

HS Orka Svartsengi Geothermal 
Power Plant, Iceland

Production Capacity: 12 t/day

CRI Carbon Recycling 
International 

Geothermal methanol sold 
under the name “Vulcanol”

> 90% reduction in CO2 emissions 
compared to gasoline 

6Geothermal Methanol from CO2



Integrated Carbon Capture and Conversion (ICCC)

G.A. Olah, A. Goeppert, G.K.S Prakash, Beyond Oil 
and Gas: The Methanol Economy, 3rd ed.; Wiley-VCH, 

2018  (translated into five languages: Chinese, 
Japanese, Russian, Swedish and Hungarian
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Tandem Hydrogenation of Captured CO2 in Ethylene Glycol

R. Sen, A. Goeppert, S. Kar, G. K. S. Prakash, J. 
Am. Chem. Soc., 2020, 10, 4544-4549. 
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o Amine-free system for 

integrated CO2 capture and 

conversion to methanol has 

been developed. 

o Ethylene glycol + KOH 

mediates the hydrogenation of 

the captured CO2 most 

efficiently.

o Low temperature regeneration 

of hydroxide base has been 

demonstrated. 

o The partial loss of the 

hydroxide is due to in-situ 

formation of carboxylates 

from the solvent alcohol. 

Tandem Hydrogenation of Captured CO2 in Ethylene Glycol

R. Sen, A. Goeppert, S. Kar, G. K. S. Prakash, J. 
Am. Chem. Soc., 2020, 10, 4544-4549. 

https://cen.acs.org/environment/greenhouse-
gases/One-pot-process-converts-CO2/98/i10
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CO2
(from air)

3 H2 H2OCH3OH
Cu/ZnO/Al2O3

ü Efficient and recyclable system with methanol synthesis (yields ~ 90%)

ü Hydrogenation of CO2 captured from air with methanol yields > 90%. 
(using PEHA or KOH)

ü Relatively low operating temperatures: 170-200 °C.

ü Ethylene glycol enhances CO2 conversions by 120%. 

Liquid Phase CO2 Hydrogenation to Methanol

R. Sen, C.J. Koch, V. Galvan, N. Entesari, A. Goeppert, G.K.S. 
Prakash, J. CO2 Utilization, 2021, 54, article 101762 .
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Scheme 1. The conversion of CO2 to CH3OH using tertiary amines. 
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Figure 2. An overview of amines explored in this 
study. 

Figure 1. Catalyst recycling study shows 89% yield was 
maintained for five cycles.

Z. Suhail, C.J. Koch, A. Goeppert, G.K.S. Prakash, 
Unpublished

ICCC Utilizing Tertiary Amines and Cu/ZnO/Al2O3 to Methanol 12



NHO OH

OH

CO2:3H2
+

Cu/ZnO/Al2O3

CH3OH

20 hrs, 250℃

N+N
CH3CO2-+

75 bar

OOOO

1 2 3 4 5

Cycle

Scheme 2. Addition of an ionic liquid to promote methanol production.

Cycle 1 2 3 4 5

MeOH [mmol] 14.97 13.52 10.14 5.94 5.77

CO [mmol] 5.5 8.76 11.45 11.25 13.01

MeOH Productivity 
[gMeOH·h-1· kgcat

-1]
80 72 54 32 31

Figure 3. Recycling of solution.

Table 1. Recycling of solution.

Z. Suhail, C.J. Koch, A. Goeppert, G.K.S. Prakash, 
Unpublished

Ionic Liquid Promoted Methanol Synthesis using Cu/ZnO/Al2O3
13



Scheme 3. Leaching characteristics of CaAl2O4 in the presence of 
potassium carbonate

Figure 5. Recycling study with Ni/CaAl2O4 catalystFigure 4. Recycling study with Ni/Al2O3 catalyst 
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Conversion 
(%)

5 3.53 3.53 100

Figure 6. Air capture experiment
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C. J. Koch, V. Galvan, A. Goeppert, G. K. S. 
Prakash, Green Chem., 2023, 25, 1803-1808. 
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Methane Production from Carbonates with Ni/Al2O3 Catalysts 14



Cycle CO2 
captured
(mmol)

Methane 
produced 
(mmol)

Base 
regenerated 

(%)

Activity 
maintained (%)

1 5 5 100 -

2 5 1.5 30 30

3 1.5 0.33 6 6

4 0.33 0 0 0

0

1

2

3

4

5

6

1 2 3 4

m
m

ol

Cycle

Ca rbon Dioxide Captured

Methane Produced

Figure 7. Recycling Experiment utilizing 5%Ru/Al2O3 
Table 2. Recycling Experiment utilizing 5%Ru/Al2O3 

Figure 8. 13C-K2CO3 experiment and its conversion to 13C-Methane [a] gas 
mixture after reaction with 13C-K2CO3 [b] 1HNMR of pure 13CH4, [c] 1HNMR of 
12CH4.

C. J. Koch, Z. Suhail, A. Goeppert, G. K. S. 
Prakash, ChemCatChem, 2023, 15, e202300877.

Using Commercial Ru/Al2O3 catalyst to Produce CH4 from Carbonates 15
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Figure 9. Recycling experiment with 5%Ru/Al2O3 and Na3PO4 Figure 10. XRD of 5%Ru/Al2O3 after five cycles of reactions

Scheme 5. Phosphate salts reacting with alumina to form aluminum phosphate.

Scheme 4. CO2 capture of the phosphate assisted system

C. J. Koch, A. Algaratnam, A. Goeppert, G. K. S. 
Prakash, ChemCatChem, 2023, 15, e202300877.

Ru/Al2O3 catalysts with phosphate assisted ICCC 16



Figure 11. Methane productivity in comparison to the ionic size of the 
lanthanide promoter Ni/Ln/Al2O3

Figure 12. Different metal loadings of Ni and Yb 
compared to 5%Ru/Al2O3 catalyst at varying times.
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Figure 13. Recycling of 50%Ni/12.5%Yb/Al2O3 catalyst. 
C.J. Koch, Z. Suhail, A. Algaratnam, M. Coe, A. 

Goeppert, G.K.S. Prakash, Unpublished
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