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Technology based on our work published in Science, GO
Nature Communications, and Journal of Membr. Sci. o1 eEnercy
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Science 342, 95 (2013);
DOI: 10.1126/science.1236686

e U

Contribution:
= Single-layered GO flake s
prepared as thin as 1 nm

- Ultrathin graphene oxide-based hollow fiber
Structural defects on GO membranes with brush-like CO,-philic agent for

flakes can be controlled highly efficient CO, capture
as transport pathway for
selective gas separations

.
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Ultrathin, ethylenediamine-functionalized graphene oxide
membranes on hollow fibers for CO, capture
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Project overview GTI ENERGY

= Performance period: June 1, 2018 — May 31, 2023
= Funding: $2,914,074 from DOE; $728,738 cost share

= Objective: Develop a transformational graphene oxide (GO)-based membrane
process (GO?) for CO, capture with 95% CO, purity and a cost of electricity (COE)
at least 30% lower than DOE amine reference baseline SC PC plant case.

Bl Member | Roles

&\, = Project management and planning
GTI ENERGY = CO, capture process development and testing
«) Rensselaer = GO membrane development and scale-up
NC = Site host
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GO = graphene oxide



Process description QO
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GO = graphene oxide



An innovative membrane structure: N-GOQD D
infiltrated SWCNT network with CO,-philic agents c7i enercy

= What does this structure look like? | = Why this structure?

a Coat with SWCNT

= SWCNTs narrow surface pore
size close to N-GOQD size

PES hollow fiber substrate SWCNT Framework = |nfiltrated N-GOQDs pack
l densely with SWCNTs to
@ SWCNT Infiltrate N-GOQD (5-20 nm) form a framework with nano-
@ N-GOQD ’ confined space

= CO,-philic agents (e.g.,
amines) enhance CO,
transport

PES = polyether sulfone; SWCNT = single-walled carbon nanotube; N-GOQD = nitrogen-doped graphene oxide quantum dot 5



High-quality GO-based membranes prepared on GO
commercially available PES hollow fiber substrate cT' ENERGY

Surface of the
substrate: skin
layer with pore

size of 50-200
nm

Hollow fiber _
inner diameter: |
T mm

Surface and

Surface and cross section of

cross section of | the N-GOQD/

the SWCNT SWCNT/

layer CO,-philic agent
membrane

PES = polyether sulfone; SWCNT = single-walled carbon nanotube;
N-GOQD = nitrogen-doped graphene oxide quantum dot; IL = lonic Liquid



GO-1 and GO-2 membranes (area: ~50 cm?) achieved O
performance goals under no stage-cut test condition cti EnERGY

co 1000
(GPU) 4
GO-1 goal 1,000 200 - 5O.2
GO-1 developed 1,100 300 =
GO-2 goal 2,500 20 S AL ST -
GO-2 developed 2,600 120 L ° 10
= Feed: mixed simulated flue gases
= GO-1:8-12 vol% CO, |
= Temperature: 80°C 0.1 1 10° 10°
= Feed pressure: ~1.0 bara CO, permeance (GPU)
= Permeate side pressure: 0.2-0.4 bara Robeson, J. Membrane Sci. 2008, Vol. 320, p390

Note: Polymer data points (red): 100 nm membrane thickness assumed
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GO-1 stage-cut tests with simulated coal flue gas: good GO

stability, dry-base CO, purity as high as 98 vol%

Testing conditions

Membrane area, cm? 75
Temperature, °C 65
Feed CO, 12
concentration, vol%
Feed pressure, bara 1.0
Permeate pressure, bara 0.15
Relative humidity, % 100

CO, capture efficiency, %
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GO-1 stage-cut tests with simulated NGCC flue gas: good GO

stability, dry-base CO, purity as high as 96 vol%

Testing conditions

Membrane area, cm? 75
Temperature, °C 70

Feed CO, concentration, vol% 4.2
Feed pressure, bara 1.0
Permeate pressure, bara 0.15
Relative humidity, % 100

Testing results

Cco, CO, capture

permeance efficiency
(c]14V) (%)

2,400 2,100 50-81

CO,/N,

selectivity
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CO, purity (dry-base), %

(o
o

Qo
o

~
o

o
o

o)
o

CO, capture efficiency I

0

10 20 30 40 50 60
Running time, h

8

o
o

AN
o

N
o

CO, capture efficiency, %

0

GTlI ENERGY

0

- 100
: CO, dry-base purity

\e]



GO-2 stage-cut tests using 5 vol% CO, feed: good GO
stability and desired CO, permeate concentration cri ENERGY

Testing conditions

100 100

Membrane area, cm? 115 - 5

Temperature, °C 70 X
. = 80+ - 80 2
Feed CO, concentration, vol% 5 J =
@ 0 CO, capture efficienc =
Feed pressure, bara 1.0 e 2P y e 5
Y - senpmenunnnnnn 0y 1 N nnn, - o
Permeate pressure, bara 0.15-0.3 o o Lo
. . qe v - L
Relative humidity, % 100 5 8
40 -40 4
Q. .

. CO, wet-base purit g
TeStlng rESUItS S:\, 30 - lllIIIIIIIllllll..fl..;......Illpl.....yI..l.l - 30 ;N
o o
co, CO./N CO, capture D 20 o

permeance| cztivizty efficiency 10 - - 10

((c14V) (%) o | ' . | o
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2,900 190

61

Time (hr)
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Scaleup of membranes on commercially QD
available 1,000 cm? hollow fiber substrates GTI ENERGY

L

-
-~
-

- PN SO04-ES500-10-N

Media/Rating: mPES / 500 kD

Surface Area: 1000 cm?
Max.Op.Pressure 30 psig (2 bar)

AR OISR OO ORI A0
SN 3319157-04/20-002

Fiber ID Module Effective Number of | Effective surface
(mm) Length (cm) Length (cm) Fibers Area (cm?)

1.00 1,000




GO-1 membrane successfully scaled to 1,000 cm?;, GO

scaleup of GO-2 ongoing CGTI ENERGY
Membrane type GO-1
Membrane area, cm? 1,000
Temperature, °C 70
CO, feed concentration, vol% 12
Separation performance
Permeate Feed Feed H,O CO, CO, capture | CO, dry-
: : CO,/N, . :
side pressure |pressure| concentration | permeance celectivit efficiency | base purity
(bara) | (bara) (%) (GPU) Y (%) (vol.%)
0.175 1.2 23.5 460 530 52.6 96.7
0.17 1.35 20.8 660 490 61.6 95.4
0.15 1.05 27.8 1,100 760 56.2 96.3




Where do our recent membranes fall on the QO

Robeson plots? GTI ENERGY
HEI R
m - - ®. GO-1 for simulated
GO-1 and GO-2 NGCC flue gas
performances shown 1000 AN
h It ® GO-1 for simulated
ere are resuits coal flue gas
obtained from stage-
cut tests ; ® GO-2
1
O 00 Upper Bound
=)
3
10
1
Robeson, J. Membrane Sci. 2008, Vol. 320, p390 1 0 1 02 1 03 1 04 1 05

Note: Polymer data points (red): 100 nm membrane thickness assumed C02 permeance (GPU)
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Commissioning tests recently completed at GTI
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Tests at NCCC planed

= Testing site: the Lab-Scale Test Unit (LSTU) at NCCC

= Objectives:

= Achieve 60-90% CO, capture and CO, purity of >95%
= Collect date for TEA and validate cost targets

= Projected timeline: February 1 to April 30, 2023
= Activities:

Installation of skid

Commissioning testing

Parametric tests with coal flue gas and simulated NGCC flue gas
Stability test for 200 h with coal flue gas

Decommissioning

15



Technology development path

A
Current project
ENETTE e TRL_| Duration
3-4 100-200 h 6-7 Months
500 h
o | TNy I o6
| r -
8 500 h - % %\’E)NERGY GTI ENERGY
& GTlI ENERGY i -2
2 C»\Y) @ Rensselaer |
GTlI ENERGY . = :
Rensselaer T Commercial Membrane
1= - | Commercial Membrane | Manufacturer (TPD)
JaAR LouRE A Tamiie coworynoy | Manufacturer (TPD) 1.5 MW, pilot

DE- FE0031 598 25 KW, bench

L X
TRIMERIC CORPORATION
7N (small-bench scale)

DE-FE0026383

(lab-scale GO-PEEK) —

SO

GTlI ENERGY

8-9 Years

O

GTlI ENERGY

/>
(—

Commercial Membrane
Manufacturer (TPD)

20-100 MW, demonstration

| I I I | | |
2015 2017 2019 2021 2023 2025 2027 2029

Year
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Summary GTI ENERGY

We are developing a transformational graphene oxide-based membrane
process for post-combustion CO, capture

= Single stage for 50-70% removal from coal flue gas

= GO? process integrating a high-selectivity GO-1 membrane and a high-flux
GO-2 membrane for 70-90% removal from coal or natural gas flue gases

An innovative membrane structure developed

= Recently optimized GO-1 and GO-2 membranes showed high CO, capture
performance and good stability during stage-cut tests

GO-1 membranes successfully scaled to 1,000 cm? surface area; scaleup of
GO-2 membranes ongoing

Bench-scale system constructed, and will be tested at NCCC in 2023

NCCC = National Carbon Capture Center
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Appendix - Organization Chart

3

GTlI ENERGY
Department of Energy
Project Oversight
GTI Energy 4 GTI Energy
- Mr. John Marion
Ms. Kate Ja%JI’.IdeZ 4 GTI Energy ) Senior Program Director
Contract administrator Dr. Shiguang Li- P/ \_Internal consultant
* Coordinate project e
.y GTI Energy
actuvities
* Project management Mr. Howard Meyer
k Project QA/QC / Senior institute engineer
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\_
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Appendix — Gantt Chart

BP1

BP2

7~

>
GTlI ENERGY

D [Task Sub—T‘Ms ’Task or Milestone Description ‘Start Finish Task Total 2018 | 2019 | 2020 | J— ‘ 2022 21
a1|azlaslosloi|azlaslaslailazloslaalatlaslaslaslailazloslas
1 Total Project Tue 5/1/18  Mon 8/1/22 43,642,857 |1 1 22
2 |10 Project management and planning Tue 5/1/18  Mon 8/1/22 $286,973| |I 1
3 1.1 Updated Project Management Plan Mon 10/1/18 Fri 11/30/18 ¢ 11/30 23
4 1.2 Kickoff Meeting Meon 10/1/18 Tue 1/15/19 ¢ 1/15
5 1.3 Technology maturation plan submitted to DO Mon 10/1/18 Tue 1/15/19 & 1/15 24
6 1.4 Continuation applicatoin for BP2 submitted Sun 12/1/19 Tue 12/31/19 ¢ 12/31
7 1.5 Submit BP1 report Wed 4/1/20 Thu 4/30/20 @ 430 2
8 1.6 Submit final technical report Fri10/1/21  Fri 12/30/22 12/30 ¢
9 2.0 Development of GO membrane with area of Mon 10/1/18 Sun 6/30/19 $358,884 I 1
50-100 cm2 %
10 2.1 Fabrication of GO hollow fiber membranes  Mon 10/1/18 Sun 6/30/19 I 1
by vacuum filtration 27
1 2.2 Fabrication of flat sheet GO membranes by Mon 10/1/18 Sun 6/30/19 I 1
printing
12 2.1 50-100 em2 GO membranes prepared Mon 10/1/18 Wed 1/30/19 e 1/30 28
13 2.2 For 50-100 cm2 area membranes, GO-1 Fri2/1/19 Sun 6/30/19 & 6/30
exhibits CO2/N2 selectivity 2 100 and CO2 29
permeance = 1,000 GPU and GO-2 exhibits )
CO2/N2 selectivity 2 10 and CO2 permeance
14 3.0 Improvement of preparation conditions for Mon 7/1/19  Tue 3/31/20 $550,225 |} 1 #
50-100 cm2 GO membranes towards higher
selectivities
15 3.1 Fabrication of GO hollow fiber membranes  Mon 7/1/19  Tue 3/31/20 I 1
by vacuum filtration 32
16 3.2 Fabrication of flat sheet GO membranes by Mon 7/1/19  Tue 3/31/20 [} 1 33
printing
17 3.1 For 50-100 cm2 area membranes, GO-1 Mon 7/1/19  Fri 2/28/20 & 2/28 34
exhibits CO2/N2 selectivity 2200 and CO2
permeance 21,000 GPU and GO-2 exhibits
C02/N2 selectivity 220 and CO2 permeance 35
18 |4.0 Performance stability testing of GO Tue 10/1/19 Tue 3/31/20 5207,864 I 1
membranes at near realistic flue gas 36
19 4.1 Stability testing shows the CO2 permeances Tue 10/1/19 Tue 3/31/20 @ 3/31 37
and CO2/N2 selectivities decreased by less 38
than 10% in the presence of flue gas 39
20 End of BP1 (5/1/18-3/31/20)
40
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10.

Scale-up of GO membrane modules to
effective areas of 1000 cm2

Fabrication of GO hollow fiber membranes
by vacuum filtration

Fabrication of flat sheet GO membranes by
printing

Fabrication of spiral-wound GO membrane
modules

For 1000 cm2 area membranes, GO-1
exhibits CO2/N2 selectivity 2200 and CO2
permeance 21,000 GPU and GO-2 exhibits
C02/N2 selectivity 220 and CO2 permeance
100-h stability tests for GO membranes
developed under task 5

C02 permeances and CO2/N2 selectivities
decrease by less than 10% during a 100-h
continuous testing

Design and construction of two-stage GO
membrane skid

Process simulation and design of system
Construction of membrane skid

Complete process design for low and high
C02 flue gas conditions; and process
simulation indicates that the CO2 capture
system can achieve >95% CO2 purity
Constructed skid ready for testing

Testing of GO system at GTI using natural
gas-fired flue gas

95% CO2 purity achieved when testing the
constructed GO system using natural
gas-fired flue gas

Skid installation, commissioning and testing
at NCCC using actual flue gas

Skid installation and commissioning at NCCC
GO membrane support from RPI

GO membrane support from OSU

CO2 capture testing of the GO2 system at
NCCC using actual flue gas

Commissioning complete and system ready
for testing at NCCC

1000 m2 GO membrane modules shipped to
NCCC

Skid testing at NCCC complete, 70-90% CO2
removal rate achieved, 95% CO2 purity
validated, and membrane shows good
stability during a 200-h continuous testing
Technical and economic study

Issue TEA report

Wed 4/1/20

Wed 4/1/20

Wed 4/1/20

Wed 4/1/20

Wed 4/1/20

Wed 4/1/20

Wed 4/1/20

Wed 7/1/20

Wed 7/1/20
Thu 10/1/20
Wed 7/1/20

Wed 7/1/20
Sat 1/1/22

Sat 1/1/22

sat 1/1/22

Tue 3/1/22
Sat 1/1/22
Sat 1/1/22
Frid/1/22

Tue 3/1/22

Tue 3/1/22

Sun 5/1/22

Sun 5/1/22
Sun 5/1/22

Fri12/31/21

Fri12/31/21

Fri12/31/21

Fri12/31/21

Thu 8/30/21

Fri12/31/21

Fri12/31/21

Fri12/31/21

Thu 9/30/21
Wed 12/1/21
Thu 8/30/21

Fri12/31/21
Mon 2/28/22

Mon 2/28/22

Fri 9/30/22

Wed 3/30/22
Fri 9/30/22
Fri 9/30/22
Fri 9/30/22
Thu 3/31/22
Thu 3/31/22

Fri9/30/22

Fri 9/30/22
Fri9/30/22

$572,444

$159,626

$272,204

$140,614

$221,276

$341,140

$60,548
$280,592

591,035

$879,833

$160,427
$281,555

$82,565
$355,286

$133,183

& 9/30

& 12/31

o 12/31
=

¢ 2/28

& 3/31
& 3/31

9/30 o

9/30 o
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Disclaimer GTlI ENERGY

This presentation was prepared by GTI Energy as an account of work sponsored by an
agency of the United States Government. Neither GTI Energy, the United States
Government nor any agency thereof, nor any of their employees, makes any warranty,
express or implied, or assumes any legal liability or responsibility for the accuracy,
completeness, or usefulness of any information, apparatus, product, or process disclosed,
or represents that its use would not infringe privately owned rights. Reference herein to
any specific commercial product, process, or service by trade name, trademark,
manufacturer, or otherwise does not necessarily constitute or imply its endorsement,
recommendation, or favoring by the United States Government or any agency thereof. The
views and opinions of authors herein do not necessarily state or reflect those of the United
States Government or any agency thereof.
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