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This project was funded by the United States Department of Energy, National Energy
Technology Laboratory, in part, through a site support contract. Neither the United States
Government nor any agency thereof, nor any of their employees, nor the support
contractor, 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 frade 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 expressed
herein do not necessarily state or reflect those of the United States Government or any
agency thereof.
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Gas Separation Often Relies on Thin Film Composite = |NATINAL

(TFC) Membranes T LS8R 1GRY

Thin selective layer

Porous
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Flat-sheet Hollow fiber

Koros et al, Nature Materials, 2017, 16, 289.
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« High (effective) porosity (>10%) - to provide sufficient permeance
« Small pore size (10-50 nm) - to ease pore penetration effect

« Chemical stability - o tolerate aggressive coating solvents

« Thermal stability - to withstand harsh drying conditions
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: Sepra.® RES: Y = .| Sepro ® PAN Synder ® PAN Isoporous.

'200' n'm'.

Glass Solvent Resistance (R: Resistant/N: Nof resistant )

Materials Transition Alcohol Ketone | Aromatic Cyclic ether | Halogenated
Temp.(°C)* | (ethanol) | (acetone) | (toluene) | (tetrahydrofuran) | (chloroform)

Polyacrylonitrile (PAN) 82 to 145 R R R R R
Polyethersulfone (PES) 158 to 228 R N N N N
Polysulfone (PSF) 179 to 194 R N N N N
Polyvinylidene fluoride (PVDF) -67 t0 5 R N R N N

Z
Z

Polystyrene-block-poly(4-
vinylpyridine) (PS-b-P4VP) 10010 148 R N N

* www. polymerdatabase.com, accessed on 10/20/2019; #Peinemann et al, Nature Materials, 2007, 6, 992.
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H
EN « High glass transition temp.: 425 °C
S ] . Dissolution in very few polar
solvents under heat:
T v dimethylacetamide (DMAC)

« Membrane applications:
hydrogen separation, organic
solvent nanofiltration

« PBI solution: commercially
available
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PBl powder PBI solution
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MPB‘ QO%Dimethvla"emm:

PBI-DMAC
solution
Knife casting | Supported PBI | Phase inversion | Wet porous PBI
20-30°C |  wetfim Water bath ~ support
Non-woven 20-60 °C
fabric substrate
Porous PBI | Wash in water

support i Dry at 20-100 °C

S. DEPARTMENT




Pore Morphology Determined by Solvent Exchange
Process

TL

Phase inversion

1

« Vigorous DMACc(solvent) - water exchange leads to pore formation

« PBI dope concentration (DMAc content) and water quench bath temperature

significantly affect the solvent exchange process
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Varying Quench Bath Temp. and PBl Conc. to Achieve |N=|MloNAt

Different Pore Morphologies TLJREorR0R
PBI DMAc Quench Bath Temp.

Sample (wt. %) (wt. %) (°C) Alternative Name
PBI-S1 15 85 20 PBI-15%-20C
PBI-S2 15 85 40 PBI-15%-40C
PBI-S3 15 85 60 v PBI-15%-60C
PBI-S4 12.5 87.5 60 PBI-12.5%-60C
PBI-S5 11 89 60 PBI-11%-60C
PBI-S6 10 90 60 PBI-10%-60C
PBI-S7 9 v 91 60 PBI-9%-60C
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Effect of Bath Temp. on CO, Permeance and Pore = [MATIONAL

Structure TLJ{RsSkatory
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Effect of PBI Conc. on CO, Permeance and Pore N = |NVATIONAL
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PBI Supporis vs. Commercial PAN Supports = [NATIONAL

500°nm:

pot det mode HV WD HFW tilt mag O 10/28/2019 m—L 114 —. % spot det mode HV WD HFW tilt mag O 1
Ebeam I 7.0

T2 A+B 2.50kV 4.1mm 2.07um 0.0° 200 000 x

¢ SP! T
13 70 T2 A+B 3.00kv 4.1mm 2.07 um 0.0° 200000 x 4:24:46 PM

PBI-S6
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soonmE T 500 nm

—— U1 — % spot det mode HV WD HFW tilt g 0 12/2/2019  — L L4 1 —
3 7.0 Ebeam

d ma:
Ebeam T2 A+B 3.00kv 4.0 mm 2.07 pm 0.0° 200000 x 2:58:29 PM

PAN-S1 (ULTURA™ ) PAN-S2 (Synder®)

CO, permeance! (kGPU) 260 * 20

138+ 13 53 + 1

Pore size (dia, nm) 5-42

<20 <22

Surface porosity (%) 222

6+ 1 81

1. Determined at a pressure drop of 1 bar and 22 °C.
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Effect of Solvent Immersion on Gas Permeance — [NATIONAL
TL TECHNOLOGY

200 LABORATORY
_ pristine PAN-S1
ol bt |
m(.’) - PBI-S6 i} e
a 2004
2 ]
c 150-
g | +— + PAN-S1
o 1004
o ] acetone soaked PAN-S1
O 504
O | | | | | |
R <& AN %
& X © X o) O
&0

Prior to gas permeance test, each sample was immersed in a given solvent for 1 hour,
followed by room temperature drying.
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Effect of Thermal Exposure on Gas Permeance = [NATIONAL
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Prior to gas permeance test, each sample was thermally treated for 1 hour at a
given exposure temperature.
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PBI Supporis vs. Commercial PAN Supports = [NATIONAL
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PBI-Sé PAN-S1 (ULTURA™) PAN-S2 (Synder®)
CO, permeance! (kGPU) 260 £ 20 138+ 13 53+ 1
Pore size (dia, nm) 5-42 <20 <22
Surface porosity (%) 222 6+ 1 8% 1
Operation temperature (°C) <200 <75 <75

Solvent resistance Excellent? Good?3 Good3

1. Determined at a pressure drop of 1 bar and 22 °C. 2. Neither dissolved or swollen in common thin film coating solvents like acetone,
tetrahydrofuran (THF), and chloroform. 3. Not dissolved but swollen in common solvents.
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Supporting Performance in Two-Layer Composite
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Polydimethylsiloxane 15.000 —— : , .
(PDMS) knife-cqsting _ 3 | # Substrate CO,/N;, Ref.
> .. e, 1 1 11.5
O ““._ "~ 5 _Thiswork {2 PBI-S6 11.6 Thiswork
o 10,000 w o 3 11.7
2 9 . &%, - '
g ‘\‘ l\k 1 4 PAN 90 da
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S | Literature o 5 . {7 PAN 100 d
L data 7 4~. 18 PSF 80 e
D- T PSF 10.5 f
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PDMS thickness (nm)
References:

(a) Nanoscale, 8 (2016) 8312;

(b) J. Membr. Sci., 499 (2016) 191;

(c) J.Membr. Sci., 541 (2017) 367;

(d) Energy Environ. Sci., 9 (2016) 434;

(e) Sep. Purif. Technol., 239 (2020) 116580;

(f)  ACS Appl. Mater. Interfaces, 7 (2015) 15481.
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Supporting Performance in Two-Layer Composite = |NATIONAL
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64 State-of-the-art
PDMS thin films
4 | 1 | 1 | 1 |

Ultra-thin PDMS film prepared by 0 5000 10000 15000 20000 25000
a modified coating method. CO, permeance (GPU)
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Scale-Up Fabrication via a Roll-to-Roll Process E'@ET,';%'}'M
——— T

2020: 40 cm?

IR !"ig- AT i ] Lf!"

2021 | Oso ‘ 2 2023: 30 cm-wide rolls
. cm

#5 % U.S. DEPARTMENT

.9, of ENERGY N




Conclusions =|NATIONAL
TL TECHNOLOGY
LABORATORY

Developed scalable PBI supports with:
» High porosity (up to ~20%)
> Tunable pore size (13 t0 42 nm)
> Excellent thermal stability and solvent resistance
> Demonstrated highly permeable and ultra-thin film coatings on PBI supports

» Minimum waste treatment cost: Our polymer dope only consists of PBI and DMACc, so
the generated waste water (from quench bath) only contains DMAc contaminant.,

Scaled up PBI support fabrication from the bench-scale hand casting to roll-to-roll
continuous production
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