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Approach to Ulira-High Permeability
Mixed Matrix Membranes for Post-Combustion CO, Capture
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Membranes need very high performance to TL [Ectnooey
be used in CO, capture from fossil energy

| Challenge: Need to process large amount of gases with low available driving force |
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For a 10% reduction in COE over reference YE
plant, CO, permeance of 4000 GPU and TL [rEstorocy

CO,/N, selectivity of 25 is needed LABORATORY
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Two stage membrane
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MMMs can increase membrane performance T L |Ectnooay
beyond the Robeson Upper Bound
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Assumptions of Robeson UB: pure polymers; 35 °C; pure gas; solution-diffusion
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How do we choose the best pair of polymer

and filler particle? By chemical intuition?
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Polyphosphazene polymer development for mixed matrix membranes using SIFSIX-Cu-2i as performance enhancement filler particles, Journal of Membrane Science, 535 (2017) 103-112.
Incorporation of benzimidazole linked polymers into Matrimid to yield mixed matrix membranes with enhanced CO,/N, selectivity, Journal of Membrane Science, 554 (2018).
Carbon Dioxide Separation from Flue Gas by Mixed Matrix Membranes with Dual Phase Microporous Polymeric Constituents, Chemical Communications, 52 (2016) 11768-11771.




According to the Maxwell Model, properties of #E ?EAELR.%%ALLGY

the polymer and filler must be complementary HABORATORY

Matrimid CO, Permeability = 10 Barrer
Matrimid CO,/N, selectivity = 30
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Matrimid with 23% filler particle

p_p [Pat 2R = 20a(F — Pa) 10—
eff = ¢l Py + 2P. + 0 4(P. — Py)
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Assumptions of Maxwell Model: Filler Particle Permeability (Barrer)

* Resistors in series —e— MMM CO2 Permeability (Barrer) ~ —e—MMM CO2/N2 Selectivity

* No particle agglomeration * For optimum selectivity, permeability of particle

* Low particle loading, spherical should be < 100X greater than polymer

* Ideal interface | * MMM permeability improvement has limitations
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Computational modeling is used to #L ey
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predict MOF and MMM properties

MOF Properties Pure Membrane Properties
(Predicted by Calculations) for ~10 polymers

DB of ~137,000
Hypo-MOFs

DB of ~2,500 MOFs
CORE-MOFs

measured experimentally

NS

Maxwell Eq.

|

Predicted Properties A A.
for well over a million
possible MMMs

Estimate of Cost e £l
of Carbon Capture :E
based on an —
assumed configuration
ccsi®

@ENE&GY Budhathoki et al, Energy Environ. Sci. 2019, 12, 125
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Permeability of MOFs is calculated
based on pore geomeiry
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Grand Canonical Monte Carlo simulations are used
to calculate CO, and N, solubility for rigid MOFs
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Molecular dynamics simulations are used to
calculate CO, and N, diffusivity

MOF Permeability = Solubility X Diffusivity
Mixed Matrix Membrane Permeability is from the Maxwell Model
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Predictions of MMM permeability are TL |Ecknorocy
in good agreement with literature data ARORE
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Blue markers = CO, permeability; Green markers = N, permeability
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CO, permeability and CO,/N, selectivity is VT hecuoiccr
calculated for MMMs with hypothetical MOFs HABORATORY
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Compared to pure polymer, MMMs can TL [Ectnooey
dramatically reduce the cost of capture
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CO, removal system:
Two stage membrane
with air sweep
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* Cost Reduction from ~$61 to ~$46 per tonne CO,
* Reduction of ~24%
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There are many practical considerations #I: TECHNOLOGY

o LABORATORY
for a high performance membrane

High performance Ultra-thin, defect-
polymer free selective layer

Support with Nano-size MOF with
optimum pore size matched properties
and density
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PIM-1/MEEP-Polyphosphazene polymers T L |Ectnooay
combine the best properties of each

(A)
E\‘S; 14

PIM-1: High Permeability Low Selectivity PIM-1
MEEP80  PIM-1/25wt% l;'l-EEPSO

Brittle films
Physical aging reduces permeability

HCC
‘\\:“c“’
MEEP: Low Permeability High Selectivity  ,zeeso ﬁ.‘,cw‘““:“‘cm«f“’
Gummy films _ S {/‘\ ‘/]<““‘"‘

(B)

w,
20 % Raobeson Plot 2008 (B) 10
§ | DMA
60 3 —
f &
50 - £
| 3
i : 4
{ PIMLI2S5MEEPRD |
£ w0 o = 6-
-.—g MEEPS0 T PIM-USONMERPSD | E )
E 30 O\ PIM-USIRMEEPSO. 1, - 4
E.. 1 2 2 » f g i
4 > P $= L
S 1 Pk TCVMAMREL i iiees: e s
O 2 s
i s PIM-1
V 0- s PIM-1/25W1% MEEPS0
f T hd P % 4 ) % § Y v F % .y ) ooy vy LY
* v r— o= 0 1 2 3 4 5 6 7 8 9 101
(nxm 0,
co, B e Strain (%)

U.B. DEPARTHMENT OF

{2) ENERGY




= |NATIONAL

Thin film PIM-1/MEEP has reduced TL [rEchnoroey
aging compared with neat PIM-1 ARORATEH

PIM-1/MEEP: 150 nm
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A hollow fiber support needs to be optimized #L ::;Nt:;ev

for flux, pore size, and pore density LABORATORY

Our current hollow fiber membrane

supports:

* N, permeance >100,000 GPU

* CO,/N, selectivity ~ 0.8
(Knudsen diffusion)

e Surface pore size ¥ 20 nm

e Resistant to mild solvents

The support should have at least
an order of magnitude higher gas
flux compared to selective layer
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MOF A can now be synthesized in a variety

of particle sizes with the same structure
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TEM Images
(scale bars = 200 nm)
D'?:::)ter 4319 67+11 82412 10416 15124 248434
Surface area
(m2/g, N, 77 K) 1158+2 135313 1205+2 139313 140914 14104
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NETL MMMs are above the Robeson Upper
Bound with high CO, permeability
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NETL Polymer3
Poly+MOFA-20%-expt
Poly+MOFA-20%-comp
Poly+MOFB-40%-expt
Poly+MOFB-40%-comp
Poly+MOFC-40%-expt
Poly+MOFC-40%-comp

L B N B N B & 2

I""--.l,1 U.B. DEPARTHMENT OF

{2) ENERGY

w
o

w
o

CO,/N, Selectivity

15 -

Recent NETL MMM Results

y Robeson Upper Bound
. ° Experimental
MMMs
¢
. s Neat PIM-1/MEEP ® c0
& = Simulations
I o
o T o
B o
Other reported MMMs ¢
o o
L]
10 100 1000 3000 12000

CO, Permeability (Barrer)




= |NATIONAL

Increa;ing MOF concentration improves TL f;csgéé%ggy
Pcoz With little effect on acoy/no
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MMMs show stable performance when TL [Ectnooey
tested in actual flue gas with contaminants

Permeability (barrer)

NCCC, Alabama
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MMM with MOF A |

NETL's membrane flue gas test unit at the
National Carbon Capture Center
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Summary: NETL has taken a multifaceted approach to N= | arona

ENERGY

MMM development for low cost CO, capture TL [rEctmorocy
5 Recent NETL MMM Resuits > z : §
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8 . CO,; Permeance (GPU)
. * Using high throughput computational
BT 100 . 1000 3000 12000 techniques, properties of polymer/MOF can
CO; Permeability (Barver) be matched to make better MMMs
*  MMMs developed at NETL are above the * Foran NETL polymer, the cost of capture can

Robeson Upper Bound be reduced from $61 to $46/tonne CO,

* High permeance hollow fiber supports have

been fabricated
* Techniques for thin film coatings of MMMs are *  MMMs have been tested at NCCC with real

being developed flue gas and show stable performance
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