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Water and Energy are inextricably linked and must be addressed together.

Global Water Scarcity
By 2025,

a 1.8 billion people will be living
W™ 58" inregions with absolute water
% . #  scarcity.
weme e e 2/3 of the world’s population
could be living under water
stressed conditions.
Desalination and water reuse are keys

for supplying fresh water.

Current State-of-the-Art Technologies

Reverse Osmosis = Energy-intensive

, = Centralized

REE o) ack of selectivity

= [neffective in high-
concentration ranges

NEEDS - Advanced materials & robust
methods for low-energy water remediation
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Forward Osmosis

3 technologies promise to reduce energy Driven by osmotic pressure generated

requirements of desalination by up to 30% by asalinity gradient created across a
semipermeable membrane
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Internal Concentration Polarization (ICP) as a
Detrimental Effectin FO

Thick, tortuous support
layers of conventional
membrane cause ICP,
diminishing the
effective driving force.

RO membrane

McCutcheon et al, Desalination, 174
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Conventional membranes designed for
reverse osmosis no longer suited for FO

Membrane Design Catalyzes FO Advancement
beyond Conceptualization

NEED to redesign thin-film composite (TFC)
membranes for FO

Redesign FO membranes by Bridging
Membrane Science with Nanotechnology
- Electrospun Nanofibrous Supports -

o G
leragl
Z No

Y
Acid chloride

: Polyamide

Polyester




Membrane Generations

— Gen-1  — Gen-2 Gen-3 Gen-4
Polysulfone Polymeric blends PRO membrane Nanocomposite
_ I ,;f. | — e W - A (A 2/4 |\
: Cellulose PAN max ( n ) ;
acetate |

Commercial membrane
25 50 75 100 125 150 175 200 225

Power density
(W/m?)

Fa s AP (psi) Bui N.*, McCutcheon /.,
Bui N., Lind M., Hoek E., —— * Fiber diameter ;Ohfgmbr' ocl VoIS
McCutcheon J., J. Memb. Bul N., McCutcheon J., * Crosslinking degree '
Sci., V385-386, 2011 and ENVI- Sci. & Tech., V47, of selective layer

WO 2011/060202 A1  2013. .
Bui N.N., McCutcheon J.R.,

Envi. Sci. & Tech., V48, 2014.

Compared to the HTI commercial FO membranes
» 10x decrease in structural parameter,
 7x Increase in osmotic water permeability, and
 3.5x Increase in water/salt selectivity.



Introduced a Math Flux Model that allows for a deconvolution of all
mass transfer resistances present for solute transport during osmosis

Osmotic Water Flux J,, = A(7z, . — 7
1/ky K 1/B 1k W ( D,m F,m)
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Neglecting ECP will result in
an inaccurate accounting of
the severity of ICP
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Loss driving force in FO (%)
Bui N.N., Arena J., McCutcheon J.R., Journal of Membrane Science, V492, 2015.

This work allows for a more accurate calculation of typical membrane design metrics,

such as structural parameter.



Efficient Separation Approaches

http://ngm.nationalgeographic.com/big-idea/09/desalination-pg2
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3 technologies promise to reduce energy requirements of
desalination by up to 30%



Smart Dynamics Membrane Materials for Breathable and ‘ ! | B

Protective Fabrics
Approach

. ~
Problem: Conventional protective :

fabrics block perspiration.

Blueprint for Protective Fabrics

0O High breathability (moisture vapor
transport rate)

Q High protection from toxic 5 S
chemicals and bio-threats Fast flow = High breathability

QDynamic response to the threa’y Q\Iarrow channels = Protectioy

Sense Transduce Response Function Refresh



Vertically-aligned Carbon Nanotubes Membranes r
with Outstanding Breathability and Protection

Polymer [ Pore
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CNTs forest
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Bui, N., Meshot, E., Kim, S., J. Pena, Gibson, P., Wu, K.J., Fornasiero, F.,

Advanced Materials, V28,2016. 8 Sl2edchaoca RRl00 ull



Vertically-aligned Carbon Nanotubes Membranes r
with Outstanding Breathability and Protection
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First experimental evidence of enhanced gas transport in CNTs driven by concentration gradient.
Bui, N., Meshot, E., Kim, S., J. Pend, Gibson, P., Wu, K.J., Fornasiero, F., Advanced Materials, V28, 2016.



Selective lon Capture

Energy
Sciences
Area

MOTIVATION:

MOLECULAR ﬂ
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Develop low-energy means to separate crucial ions of interest from water using new classes of
lon-selective polymers. lon-selective electrodialysis enables concentration of ions for energy
applications or catalysis while also purifying water for re-use.

adsorbent

NEED

A resilient platform
that is tunable to
specific elements
(e.g. radionuclides)
and toxic species
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ion-selective
network polymer

Porous materials
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ion capture and recovery by
electrodialysis
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Energy-efficient Chemoselective Separations are Critical “'/’")l A
to Avoid Costly Brine Disposal ’A\ll

Fresh water

. A
/\ A Q,Qe(%
Seawater/ \ Separation - Photostock-israe
Contaminated S| | units Negative impacts on
the ocean ecosystem

Dispose into hazardous
waste streams due to
the lack of capability to
Isolate problematic
contaminants from
Undifferentiated brine waste valuable solids.

Y

https://www.hydrofinity.com



Some Key Target Cations and Anions

Water Purification

)
f(rreerere lull

lon Recovery

Alkali metals
Environmental S
Radioactive Cs* I- s e ;or I?:ai?gﬁ .
Elements Nuclear Waste PP

Actinides, radionuclides

Precious metals

Rh3*, Pd2*, Pt2, Au* .
for catalysis

Toxic Cd=", Hg", Pb**
- Borates, Arsenates,
SpeCIeS Chromates
Desalination Na* Cl-

Key
B - cations
B = anions
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Copper, an Unwelcome Guest in Waste Brine /\f] \i"|
pp ) OTCs Today ®

https://www.pharmacist.com

Copper promotes neurological function by
playing a role in antioxidant defense and
neurotransmitter synthesis.

Copper excess

Impact Damage

» Growth » Nervous system

» Neurodevelopment » Organs (liver, kidney)
» Immune system function

» Connective tissue structures May lead to death

Wilson Disease: Pathogenesis, Molecular Mechanisms, Diagnosis, Treatment and
Monitoring, Chapter 2: “Normal Human Copper Metabolism”, Zeid and Kaler 2019
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Copper, an Unwelcome Guest in Waste Brine o7Cs Today %\l

https://www.pharmacist.com

Number of people served where lead and copper levels
exceed EPA guidelines

100 101 - 1,001 - 10,001 - 100,001
ORLESS 1,000 10,000 100,000 OR MORE




Current Separation Technologies are Lack of Specificity /_\] ml

R is (RO '
BVEIEe OBINOSIE IHO) Broad-spectrum separation

Resin-based

Optimized only for trivial ions, e.g. Na*, CI, etc.
Requires several cycles to remove
contaminants such as Boron, Arsenic, etc.
Energy-intensive

Energy

High
J Recovery

Pressure

Brine Reject
Concentrate

Feed
Solution

I W

Product
Permeate Water

Permselective
Membrane

U

Electrodialysis (ED)

%Brina Concentrate

NEED
Resilient materials that are
tunable to specific toxic species

C

Catholyte

" Cathode

No “champion” material to remove Cu?* fast, selective, & at large scale

Urban, J.J., Joule, 2017, 665-688



Advanced Porous Materials

ion-selective ,
network polymer MOF

@ Jeff Long group /UCB @ Molecular Foundry/Jeff Urban

Stable in water
Reproducible
Selective
Scalable

Low cost

Supramolecular Coordinating Complex
(SCC)
J. Am. Chem. Soc. 2017, 139, 17082-17088

Mixed-matrix membrane



)

A New H-bonded Supramolecular Coordination Complex /\l A
was Synthesized for Copper (ll) lons Removal | ”

H
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ﬁ/ :1(1)86\ ) Zn2+ OH |N/OH
N 2
212 5 \/QFCU \Zn i CHY% @A
o H44 D_ \ h{
H7s _J D81

Histidine (H)  Zn-Cu Superoxide dismutase Building blocks for the new material

Zinc-based Imidazole Oxime Supramolecule (ZIOS)

View along b-axis  View along c-axis Stacked 2D material

Lattice Expansion and Contraction are Observed when Water Molecules were
Introduced into ZIOS Frameworks
Bui, N., Urban J. et al, under review.




Z10S Offers Unprecedented Fast Cu2* Adsorption Kinetics /\,[ )

2105 :} Cu ;:jggrbed Materials k, (mg/mg.min)
| CuK-edge  oibscu ZIF8 *(this study) 34+1.6 (X)
8- A Zeolite, biomass- < X
6' 0 derived adsorbents
1R axial
= Silica-based polymers <X
4 atorial
- PAF-1-SMe* 5.2 (~ X)
§ & Metal sulfide ion 58-239 (x—7x)
ol Y. B\ exchangers
0 1 2 3 4 5 6
Radial distance (A) Ca-MOF* 32+5 (9x)
Bui, N., Urban J. et al, under review. Z10S (this study) 155.3+26.5 (46X)



Z10S Selectively Removed Cu?* at pH < 3 /r\rl lﬂ
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'_\
o
o

(o]
o

N
o

N
o

Percentage of ions adsorbed on MOF (%)
(o))
o

g UN ON on pe PN
Ca Cu Fe_IL,lN Mn Na Ni
lons

o

Bui, N., Urban J. et al, under review.

 ZIOS successfully scavenged Cu?* in the presence of competing ions.
 ZIOS performed a high K (distribution coefficient), showing the effectiveness of ZIOS at
scavenging Cu?* from the agueous solution and the selectivity of the ZIOS adsorbents for Cu?".
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Z10S Selectively Removed Cu2* at pH < 3 crecend] P
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Bui, N., Urban J. et al, under review. lons

 ZIOS successfully scavenged Cu?* in the presence of competing ions.
 ZIOS performed a high K (distribution coefficient), showing the effectiveness of ZIOS at
scavenging Cu?* from the agueous solution and the selectivity of the ZIOS adsorbents for Cu?".



Concluding Remarks
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Supramolecular Coordinating Complex
(SCC)



