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CO2 separation nanomembrane with the world's highest CO2 permeability 
from Kyushu University

[2]

Membrane thickness : 34 nm
About 1/300 the thinness of food wrap

(thinner than COVID-19 virus!)

CO2 permeance : World high 
Approximately 20~30 times higher than the separation membrane performance reported so far



New carbon recycling society: resources from the air

The innovative separation nanomembranes with overwhelmingly high CO2 permeability
realizes CO2 capture directly from the atmosphere, which has been thought to be impossible
until now. This membrane separation unit is integrated with an electrochemical or
thermochemical CO2 conversion unit to create the Direct Air Capture and Utilization (DAC-U)
system, a continuous process from atmospheric CO2 capture to carbon fuel production. The
size-scalable DAC-U system will be distributed and deployed to contribute to the construction
of a carbon-circulating society based on local production for local consumption.

[3]

Carbon recycling society
with decentralized arrangement of DAC-U systems

CO2 separation 
nanomembrane

CO2 conversion 
unit

Air

Value-added chemicals

DAC-U system

Distributed DAC-Us of the appropriate size and scale 
for the installation site



“Moonshot for beyond Zero Emission Society”

CO2

Green fuel production from CO2mixture gas

highly CO2 permeable nanomembrane

Permeate gas : concentrated CO2 + N2, O2, Ar

CO, CH4, Ethanol, CxHy

1000 times concentration

CO2 conversion under oxygen

CO2 capture 
nanomembrane

CO2 capture 
nanomembrane

CO2 conversionCO2 conversion

[4]



Target pilots for this project
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conversion
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CO2: 40%~
N2,O2: ~60%

Target developments
• CO2 capture unit from the atmosphere by membrane 

separation
• CO2 conversion unit by electro- and thermo-chemistry

Electrochemical type: Use the point with no H2 supply
Thermo-chemical type: Used at H2 supply points

KPI for 2024
Development of CO2 selective membranes with the CO2/N2, CO2/O2
selectivities of more than 30 and 10, respectively.
CO2 conversion from CO2 mixed gas

Electrochemical conversion: Continuous production of CH4, CO, C2H4
Thermochemical conversion: continuous production of CO, CH4

Final target pilot
Small system with each unit integrated

Final target pilot
Small system with each unit integrated

CO2 capture unit CO2 conversion unit

[5]
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Realization of highly scalable and 
distributable CO2 capture technology
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CO2 capture research unit

①Support layer
• Development of silicone material with high 

CO2 permeabilities
②Selective layer
・Systematic exploring CO2-philic materials
→molecularly thin layer on a support layer

CO2 selective layer
Molecularly-thin

CO2 selective layer
Molecularly-thin

Porous support
(mechanical support)

Support layerSupport layer

Approach of membrane preparation
Membrane structure：Thin film composite of CO2 selective and support layers

Support layer: Free-standing and highly gas permeable
Selective layer：variety of CO2 selective materials

③ Controlled bonding of the selective layer to 
the supporting layer

④Large area production of 
separation nanomembranes

Development step

[7]



Development of silicone supported nanomembrane with high CO2 permeability

CO2分離ナノ膜

Polydimethylsiloxane
(PDMS)（silicone）Fujikawa, et.al., Chem. Lett. 2019, 48, 11, 1351-1354

Terminally bifunctional PDMS

Basic molecular structure

More than 10 types of synthesis completed

Side-chain reactive PDMS
Density of reactive group

Type of cross-linking groups Chain length

More than 20 types of synthesis completed

Cross-liking

[8]

Candidate Structures

Low cross-linking

High molecular weight

Candidate Structures

Low cross-linking

High molecular weight



Development of highly CO2 selective materials for membranes

Polyamide-
PEGPEGMA-AAPDMS

23~7251.910.2CO2 / N2

18.34.5CO2 / O2

PEGMA-AA Polyamide-PEG

Final target CO2/X: >30Final target CO2/X: >30

Challenge: Improving the 
compatibility of these layers

World top

[9]

CO2 selective layerCO2 selective layer

Support nanolayerSupport nanolayer

（polar materials）

（non-polar surface）

2024 KPI
Development of separation membranes with CO2/N2 and CO2/O2
selectivity of 30 and 10, respectively.



Selectivity enhancement by chemical modification of a membrane surfaces [10]
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Large scale preparation of nanomembranes

m2 ~~ 10 cm2 ~ 200 cm2

Length: >10m
Roll-to-roll process for membrane fabrication

[12]



Separation performance of 2-stage membrane separation module

30 times concentration

CO2 conc. of lab air

Sensor 3

Sensors 1,2

10 min to 1%

CO2 conc. after 1-stage separation

CO2 conc. after 2-stage separation

Demonstration of CO2 enrichment at module levelDemonstration of CO2 enrichment at module level

[13]



Development of CO2 conversion unit using electrochemical and thermochemical reactions [14]

cathode: nanoparticle catalyst
electrolyte
anode

＋

ー

e-
CO2

CO C2H4 C2H5OH

1. Production of basic chemicals and fuels by electrochemical conversion1. Production of basic chemicals and fuels by electrochemical conversion

2. Production of C1 compounds by thermochemical conversion2. Production of C1 compounds by thermochemical conversion

Production of carbon resources from CO2 mixed gas separated  by separation nanomembranesProduction of carbon resources from CO2 mixed gas separated  by separation nanomembranes

CO2 sorption

CO2,O2 O2

CO2

H2 CO,CH4

CO2

CO2, O2, N2

H2

O2

CH4, CO

CO2 conversion
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Development of an electrochemical 
unit to produce carbon compounds 

from CO2 mixed gas
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Is it possible to fabricate large-area nanomembranes for CO2
separation?
What kind of chemical products can be produced?
Can CO2 be converted from O2 mixed gas as feed gas?



Electrochemical CO2 conversion combined with DAC [16]

40%CO2 + air

A:Direct conversion

CH4, C2+, air

+
−
+
−

anolyte O2, anolyte

DAC

40%CO2 + air
DAC

+
−
+
−

+
−
+
−

anolyte O2, anolyte anolyte O2, anolyte

catholyte

CO CH4CH4

B:2 step conversion

CO2 trap by KOH solution

Air
(N2, O2)

H2O
40%CO2 + air

N2, O2
CO2

C:O2 removal

DAC

+
−
+
−

CH4, C2+CH4, C2+

CH4, COCH4, CO

1st1st 2nd2nd

○simple system
×N2, O2 separation required
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Direct CO2 conversion using 60% air 40% CO2 mixed gasType: A

with Dr. Anzai
Chem. Comm., 59, 11188-11191 (2023), inside cover



Mr. Vijay Shah
Mr. Benjamin Sit

Feed

Permeate

DAC module
Retentate

Gas mixing station

CO2RR Module (MEA)

Concentration of Air-CO2 and direct CO2 conversionType: A



10 min pause before 
continuing the 

experiment 

2-day pause before continuing the 
experiment (cell remained wet) second test shows

stable performance;
FECO >100%

first test

100 cm2 MEA cell

UIUC has tested CO2 to CO using pure CO2 with 25 and 100 cm2 MEA cell for 

durability study

Long-term tests of 25 cm2 cell showed high conversion of CO2 to CO and stable 

current density over more than 80 h.

UIUC will perform CO2 to CO conversion using larger cell with NEDO mixed gas. 

Current density change over time（25 cm2 MEA cell）

5 cm2

25 cm2

250 cm2

(50+ Amp!)

Large MEA Cell for CO2 conversion and performance evaluation

MEAセル
大面積化

Type: A



Global Trends in Direct Electrochemical Conversion of Air CO2

Our achievementsBenchmark
40%CO2,12%O280%CO2,20%O2Source gas

Flow cellBatch cellcell
H2, C1, C2H2, C1, C2products

CH4 : 19.7 mAcm-2

C2+: 132  mAcm-2<6 mAcm-2Current 
density

Nature Commun. 2022, 11, 3844

Prof. Qi Lu
(Tsinghua Univ.)

C1 and C2 production at high current density even with low CO2 feed gas concentrationC1 and C2 production at high current density even with low CO2 feed gas concentration

[20]

CH4 production from CO2 gas mixed with O2 is only a few examples in the world.

competitorcompetitor Moonshot teamMoonshot team

A

Moonshot challengeMoonshot challenge



Continuous conversion by direct connection of DAC and 
electrochemical unit

[21]Type: B
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Development of a thermal conversion unit to produce 
carbon compounds from CO2 mixture gas from DAC

Conversion of CO2 mixed gas from DAC to CH4

and CO
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Thermochemical production of CO, CH4 from CO2 mixed gas

H2 does not react with O2, but reacts with CO2

Producing CO,CH4 from CO2/O2 mixed gas
→ there is almost no example in the world

High technological challenge

O2 removal and CO2 hydrogenationO2 removal and CO2 hydrogenation

Catalyst metal atom(Pt, Ni)
Alkali metal atom (Na)

Al2O3

CO2, O2 O2

CO2

Al2O3

H2 CO, CH4

O2 removal
(+CO2 absorption on catalysts)

hydrogenation

[23]

CO2

CO2, O2, N2

H2

O2

CH4, CO



Construction of an integrated system by connecting DAC and thermo-chemical CO2 conversion unit

Direct Air Capture (DAC)
by CO2 capture nanomembranes

Continuous CO2 adsorption & Reduction

Enrichment of CO2 from the air (400 ppm → 2000 ppm)

CO or CH4

Advantages
Conversion of concentrated CO2/O2/N2 mixtures to CH4
and CO "directly" and in one step

Challenges
Requires highly selective, low-temperature catalysts

[24]



CO2

Membrane 
separation

1000

2000

3000

4000

0

20

40

60

80

100

0

C
on

ce
nt

ra
tio

n 
[p

pm
]

Time [h]

CO

1 2 3 4

CO2

CH4

CO2吸蔵率（％）

C
O

2吸
蔵
率
（
％
）

CH4CH4

Reaction condition
Catalyst amount：500 mg
Temp.：450 C
Source gas：100 mL/min
H2 flux：100 mL/min
Valve change：every 30 sec

A B

CO2, O2, N2

H2

O2

CH4, CO
H2, H2O 2022 KPI

Achieved "Demonstration of CO and CH4 conversion from CO2 mixed gas 
(Patent pending, paper in preparation)

Continuous production of CO, CH4 by DAC-U system

COCO
C

O
2

R
ea

ct
io

n 
si

de

selectivity>90%
Conversion rate>90%

selectivity>98%
Conversion rate >90%

1000

2000

3000

4000

0

20

40

60

80

100

0

C
on

ce
nt

ra
tio

n 
[p

pm
]

Time [h]
1 2 3

C
O

2吸
蔵
率
（
％
）

CO2吸蔵率（％）

CO2

CH4

CO

Future task
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Reaction condition
Catalyst amount：300 mg
Temp.：300 C
Source gas：500 mL/min
H2 flux：100 mL/min
Valve change：every 1 min



Toward the CH4 production with high concentration [26]
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1. O2 removal

• CO2 sorbent：M1-BEA Si/Al=5 (2.0 g)
• Gas

10% CO2/10% O2/He (100 mL/min)
100% H2 (100 mL/min)

• Sorbent temp.：50 ºC～150 ºC
heating rate : 10 ºC/min

• Switching time：15 min

2. CH4 production
• catalyst：M2/M3O2 3.0 g
• Reaction temp.： 400 ºC

O2

CH4CH4

CO2 CO2

High concentration CH4 production 
from 10% CO2/10% O2

High concentration CH4 production 
from 10% CO2/10% O2

CO2 trap CO2 release

CH4
production



Lower temperatures for O2 removal process [27]
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Candidate scenarios for social implementation of DAC-U

conversion
productCO2 capture unitapplicationSystem scale no H2

supply
with H2
supply

electrochemicalthermochemicalCH41 ~ 2Residential houses
small stores

Small to medium size
electrochemicalthermochemicalCH4multipleOffice building

apartment building

Utilization of small dispersibility: Methane →Use as fuel

Utilize scalability: Assume CO, C2H2 →Use as industrial raw materials
conversion

productCO2 capture unitapplicationSystem scale no H2
supply

with H2
supply

electrochemicalthermochemicalCO, C2H2massivefactoryLarge

Features of DAC-U
Compact and modular
Decentralized distribution
Size scalable

[28]



Activities for social implementation [29]

June 23, 2023 Press release

Carbon Xtract CompanyCompany
Tetsuo MoriyamaPresident

May 26, 2023Establish
ment

Development and sales of equipment and products 
utilizing technology to selectively capture carbon dioxide 
from the atmosphere using separation nanomembranes

Business

Nov. 24, 2023 press release

First direct investment from Kyushu Univ.




