RESEARCH BACKGROUND

1998-2006 2006-2010 2010-2012
(MS + INDUSTRY) (PHD) (Postdoc+)
Pilot, lab and full scale Biomimetic membranes! .
studies of membranes Earliest studies and Aquaporm. strl.lcture,
and other water treatment Proposal to use 2D crystallization
technologies aquaporins in membanes

Desalination major focus
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Inspiration from Biological Membranes,

biological membranes Completely biological
membranes
v
Combining proteins with Biomimetic membranes,

Synthetic lipids and polymers | Hybrid membranes

v

Replacing all biological Bioinspired Membranes,
components with synthetic ic;rrr:]pblre;relleyssynthetlc
materials inspired by biology

This has also been our innovation roadmap



Nature presents excellent examples for energy efficient
desalination.

Extracellular

Size

Electrostatic
repulsion

Water dipole
reorientation

Biological water channel protein
aquaporins

Mangroves filter saltysvater driven by S
transpiration
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Aquaporin-based forward and
reverse osmosis membranes have
been created



Aquaporin incorporated membranes are
being developed as desalting membranes
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Zhao, Yang, et al. "Synthesis of robust a
biomimetic membranes by interfacial pol
performance characterization." Journal @
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There are challenges with scaling up
AQP based membranes



1. Stability

2. Unconventional processing
required (aqueous self-
assembly)

3. Mass production
challenging

Grzelakowski, M., Cherenet, M.F., Shen, Y.X. and Kumar, M., 2015. A framework for accurate
evaluation of the promise of aquaporin based biomimetic membranes. Journal of Membrane
Science, 479, pp.223-231. 8



Can we design artificial water
channels using organic
chemistry?
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1. Kozono, D. et al. The Journal of Clinical Investigation 109, 1395-1399, (2002).
2. Shen, Y.-x. et al. J. Membr. Sci. 454, 359-381, (2014). 10
3. Shen, Y.-x. et al. Proc. Natl. Acad. Sci. U.S.A. 112, 9810-9815, (2015).
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The single channel permeability of PAP channels is
within the range of that of AQPs and CNTs.

Shen, Y.-x. et al. Highly permeable artificial water channels that can self-assemble into 1

two-dimensional arrays. Proc. Natl. Acad. Sci. U.S.A. 112, 9810-9815, (2015).






Summary

* Biological membranes are an excellent
source of inspiration for engineered
membranes

* Making combinations of biological and non-
biological materials can lead to novel
materials/insights

* Insights can be used to design practical and
scalable high performance materials 13
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QUESTIONS?
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RO TRANSPORT MECHANISM
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(Activation energy ~ 15 kcal/mole)
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BIOMEMBRANE TRANSPORT MECHANISM

transport protein channels in
lipid bilayers
(Activation energy < 5 kcal/mole)

Single file water transport
in water channels

Materials utilizing channel based desalination include carbon
nanotube membranes and graphene membranes (Mi).

17



SOLUTION DIFFUSION
DESALINATION

- 100 nm thickness

- 15 kcal/mol activation
energy

- Imperfect rejection of
uncharged

solutes
+ Widely Available

CHANNEL-BASED
DESALINATION

+ 5-10 nm thickness

+ <5 kcal/mol activation
energy

+ Potential for perfect
rejection of solutes

- Just becoming available in

nascent form "



Membrane proteins can form 2D arrays in lipids
and block copolymers

AgpZ-lipids 2D crystals OmpF-PB-PEO 2D crystals

1. Scheuring, S. et al. EMBO J. 18, 4981-4987, (1999). 19



PAP channels in PB12 BCPs
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Aggregation of some proteins in
membranes lead to formation of two

dimensional sheets when protein content
is high.!2

Can we pack a lot of these channels in
membranes to form sheets instead of
vesicles?

1 Hasler, Lorenz, et al. "2D crystallization of membrane proteins: rationales and examples."
Journal of structural biology 121.2 (1998): 162-171-

?Kumar et al. "High-density reconstitution of functional water channels into vesicular azpd
planar block copolymer membranes." JACS 134.45 (2012): 18631-18637.



2D arrays of PAP channels = very
high pore density

e Current CNT membranes!:
— 0.1~2.5 %X 103 pores/um?

e Previous artificial channel based membranes in block
copolymer templates®
— ~0.5-1 x 10° pores/ pm?

e Pillar[5]arene channel 2D crystal pore density
— ~2.6 X 10° pores/um?

1J. K. Holt et al., Fast Mass Transport Through Sub-2-Nanometer Carbon Nanotubes. Science
312, 1034-1037 (2006), Y. Baek et al., High performance and antifouling vertically aligned
carbon nanotube membrane for water purification. J. Membr. Sci. 460, 171-177 (2014).

2Xu, Ting, et al. "Subnanometer porous thin films by the co-assembly of nanotube subumits and

block copolymers." ACS nano 5.2 (2011): 1376-1384.



