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* Introduction
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— About SISSTEM

e Research Question
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— Key insights so far
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A bit about me...

® BSc. Mechanical and Engineering (2003)
« Research on Diffusion Driven Desalination (Magna cum Laude)

® MSc. Sustainable Energy (2016)
» Research on Island energy systems
* Ocean Thermal Energy, Floating Solar
- Harsh Environment Agriculture (Efficient cooling solutions)

® PhD researcher — SISSTEM (2021-...)
« Sustainable use for Reverse Osmosis Brines

"I have no special talents. I am only passionately curious.”
A. Einstein

"Mere curiosity adds wings to every step”
J.W. von Goethe
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Energy

Food Water

Increased demand Increased demand
50% by 2030 30% by 2030

(FAQ) (IFPRI)

CLIMATE

A

Food/fiber

impacts on
climate change

\Vater impacts on
climate change

Energy impacts on
climate change

Climate change
impacts on water

Climate change
impacts on energy

Energy in water § Water in energy

WATER ENERGY

Climate chang
impacts on
Food/fiber in water food/fiber Food/fiber in energy
Water in food/fiber / i Energy in food/fiber

FOOD/FIBER

Koninklijk Instituut Van Ingenieurs



(
Research ( 7?
O

Valorization of Reverse Osmosis Brines

“Seawater is an abundant, but critical resource for any
island. Using seawater to produce freshwater requires
desalination; this generates brines, which can be an
environmental threat, or an opportunity. The strategic
technological approach that will be developed is in exploring
methods for separation of valuable elements (e.qg. lithium or
magnesium) from reverse osmosis brines. Given the current
rate of depletion for some resources, recovery of these is
thought of higher economic interest than water production
alone. This may require a further concentration of brines,
and methods (electrochemical, precipitation) for selective

recovery.”




Research ( ? / ),
° /

What is the economic
value achievable from
processing of Reverse
Osmosis Brine for
small islands?’

WEB Aruba N.V. | Water- en Energiebedrijf Aruba N.V.
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®\\Vhat is the economic market value (global/local) of
recoverable elements from brine?

®\What are the environmental cost (avoidable by further
processing of brine)?

® How do different separation techniques to recover key
elements compare in terms of efficiency, cost and scale?

®\\Vhat are the possible combination of technologies to
increase economic output from a desalination system?




Saline Source RO System ( / N\
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Dezalination Plant
Discharge

@ Backwash Water ® Concentrate Out-of-specification

Permeate

@ Filter-to-Waste @ Membrane Flush Water

Source: Water Globe Consultants

Reoverse Oamosis (RO) System

Converticral Pretreatment Filtrshan

Ao

Source: Water Globe Consultants
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The state of desalination and brine production: A global outlook

Edward Jones *°, Manzoor Qadir **, Michelle T.H. van Vliet °, Vladimir Smakhtin ? Seong-mu Kang *¢

* United Nations University: Institute for Water, Environment and Health (UNU-INWEH), Canada
" Water Systems and Global Change, Wageningen University, the Netherlands
© Gwangju Institute of Science and Technology ( GIST), South Korea

Over 40 minerals and
metals contained in
seawater, their extraction
likely to increase in the
future

https://www.miningweekly.com/article/over-40-minerals-and-metals-contained-in-seawater-their-extraction-likely-to-increase-in-the-future-2016-04-01

Integrated Valorization of Desalination Brine through
NaOH Recovery: Opportunities and Challenges

Amit Kumar,* Katherine R. Phillips, Janny Cai, Uwe Schréoder, and
John H. Lienhard V*

. . .q: . | Che
Environmental sustamablllty assessment of seawater reverse osmosis = upc

brine valorization by means of electrodialysis
with bipolar membranes

Marta Herrero-Gonzalez' (% - Noy Admon? - Antonio Dominguez-Ramos' « Raquel Ibafiez’ - Adi Wolfson? -

Angel Irabien’

. ‘.
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Aqua-LAC - Vol. 10- N° 1 - Mar. 2018. pp. 39 - 50« Septiembre 2017-Marzo 2018. ISSN: 1688 - 2873

ARUBA'’S DESALINATION’S KNOWLEDGE AND EXPERIENCE:

M)
CONQUERING THE SEA TOWARD DESALINATION’S SUSTAINABILITY

Cheack for
updatas

CONOCIMIENTO Y EXPERIENCIA DE LA DESALINIZACION EN ARUBA:
CONQUISTA DEL MAR HACIA LA SOSTENIBILIDAD DE LA DESALINIZACION

Marchena, Filomeno A.'; Halman, Johannes |. M.2

Impact of brine and antiscalants on reef-building corals in the Gulf of
Aqaba — Potential effects from desalination plants

Karen Lykkebo Petersen ¢, Adina Paytan b, Eyal Rahav ¢, Oren Levy d Jacob Silverman ¢,
Oriya Barzel “ ¢, Donald Potts ', Edo Bar-Zeev & "

4 Department of Earth and Planetary Science, University of California Santa Cruz, CA, 95064, USA

b Institute of Marine Science, University of California, Santa Cruz, CA, 95064, USA

© Israel Oceanographic and Limnological Research, Haifa, 31080, Israel

4 Mina and Everard Goodman Faculty of Life Sciences, Bar-llan University, Ramat-Gan, 52900, Israel

® Institute of Earth Sciences, Edmond Safra Campus of Natural Sciences, Givat-Ram, Hebrew University of Jerusalem, Jerusalem 91904, Israel
rDeparnnent of Ecology and Evolutionary Biology, University of California Santa Cruz, CA, 95064, USA

£ Zuckerberg Institute for Water Research, Ben-Gurion University of the Negev, 84990, Israel

Outdoor cultivation of Dunaliella salina KU 11 using
brine and saline lake water with raceway ponds in
northeastern Thailand

Zhe Wu ! 2, Wipawee Dejtisakdi 3 Prasart Kermanee 4, Chunhong Ma 2 Wallop Arirob 4,
Ramaraj Sathasivam ', Niran Juntawong * 3

Affiliations + expand
PMID: 27696529 DOI: 10.1002/bab.1537

A comprehensive review of energy consumption
of seawater reverse osmosis desalination plants

Jungbin Kim * 2, Kiho Park ® 2, Dae Ryook Yang ® *B, Seunghkwan Hong * & B

Show more s~

Magnesium recovery
from exhausted brine

& M. Bevacqua, A. Cipollina, A. Tamburini, A. Brucato, G. Micale* »

i Dipartimento di Ingegneria Chimica, Gestionale, Informatica, Meccanica (DICGIM), Universita di Palermo ‘Z;
(UNIPA) - viale delle Scienze Ed.6, 90128 Palermo, Italy. "e-mail: giorgiod.maria.micale@unipa.it




Work Packages

e \WP1 : Brine content and analysis and environmental costs
« Composition, variations, market value, environmental cost of disposal
 Forecast brine production based on global desalination trends

® \WP2: Main elements (Na, Cl)

* Na, Cl use as pretreatment and specific uses on island (e.g. Aruba case study)
« Framework for analysis (Balance between, scale, energy costs)

e \WP3: Li, Mg recovery
» Separation technique comparison (Ion exchange membranes, MOF, Sorption, etc.)
« Technical and economic efficiencies based on scale (influence on O&M, CAPEX,
batch vs continuous process, etc.)

® \\WP4: Recovery value of other elements?

e \WP5: Economic analysis including details based on stand-alone vs part of
treatment train.



Energy?

RO process is ~ 3-6 kWh/m?

Approximately: 10-15% of electricity production

Aruba's Energy System - 2018

eneda

© Eneda Engineering Services
www.eneda.nl

Sidney Loeb (1917-2008)

- Theoretical recoverable energy
~ 1.5 kWh/m?3

Imports: 12.721TJ Lighting, appliances and other electrical uses: 1,019T)J

HFO Imports: 8,660T)J
Electricity generation: 9,338TJ

Electricity demand: 2,859TJ
I Wind power produced: S80TJ Cooling and A/C electricity use: 1,397T]

Solar power produced: 98TJ B u t = EnE

Water production: 378T]
I Diesel imports: 638TJ

IC engine technology losses: 2.812TJ
Transportation: 3,515T]

Gasoline imports: 2,877TJ

— Need for a ‘fresh’ water source
— e — for the Pressure Retarded
e N T P, Osmosis/Forward Osmosis
process to work.
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Periodic Table of the Elements 2
13 14 15 16 17 He
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- Number

VA
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Atomic Mass

A
: , e
13 14 15 16 7
g 4 5 ) 7 9 10 11 12 Al Si P S Ci
. aE 'X,f ‘S’BB ‘é'l'; "7':33 ;o V,';" ) :3 gg N 6.082 2800 JI 30074 32086 35455 :
21 22 23 24 25 26 27 28 29 30 31 32 33 34
Sc|f Ti|| V|| Cr|Mn|Fel|[Cof Ni|[Cul| Zn| Ga|l Ge|| As | Se
Calcium Scandium Titanium Vanadium Chromium Manganese Iron Cobalt Nickel Copper Zinc Gallium Germanium Arsenic Selenium Bromine Krypton
Z _ 40.078 44 .956 47.88 50.942 51.996 54.938 55.845 58.933 58.693 63.546 65.38 69.723 72.631 74.922 78.971 79.904 84.798
| 40 41 42 43 44 45 46 47 48 49 50 51 L) "
Zr | Nb|| Mo|| Tc|| Ru||Rh| Pd||Ag| Cd| In || Sn| Sb || Te
Rubidium Strontium Zirconium Niobium Molybdenum Technetium Ruthenium Rhodium Palladium Silver Cadmium Indium Tin Antimony Tellurium i
85.468 87.62 91.224 # 92.906 95.95 98.907 101.07 102.906 106.42 107.868 112.414 114.818 118.711 ’ 121.760 127.6 # : ]
56 72 73 || 74 75 76 77 78 79 80 81 82 83 84 85
Ba Hf || Ta|| W | Re|[ Os| Ir || Pt| Au|[Hg| TI || Pb| Bi || Po
Cesium Barium Hafnium Tantalum Tungsten Rhenium Osmium Iridium Platinum Gold Mercury Thallium Bismuth Polonium Astatine
132.905 137.328 180.948 183.85 186.207 190.23 192.22 195.08 196.967 200.59 204.383 : 208.980 [208.982] 209.987
88 105 106 107 108 109 110 111 112 113 114 115 116
At Rf | Db|| Sg || Bh| Hs| Mt| Ds| Rg| Cn| Nh| FI || Mc| Lv d
Francium Radium Rutherfordium Dubnium Seaborgium Bohrium REES Meitnerium Darmstadtium Roentgenium Copernicium Nihonium Flerovium Moscovium Livermorium Tennessine Oganesson
223.020 226.025 [261] [262] | [266] [264] [269] [268] [278] [280] [285] [286] [289] [289] ) [293] [294] [294]

57 58 59 60 61 62 63 64 65 66 67 68 69 70 71
tenthanide | | C Prif Nd|[|P S E Gd| Tb || D H Er || T bl L
e a & r mi|f Sm u y o r mil Y u
Lanthanum Cerium Praseodymium| Neodymium Promethium Samarium Europium Gadolinium Terbium Dysprosium Holmium Erbium Thulium Ytterbium Lutetium
138.905 140.116 140.908 144.243 144.913 150.36 151.964 157.25 158.925 162.500 164.930 167.259 | 168.934 173.055 174.967
89 90 91 92 93 94 95 96 97 98 99 100 101 102 103
famee 1A |l Th | P UI|N Pu || Am | C Bk || Cf || Es || F Md| N L
e c a p u mi{| Cm S m o r
Actinium Thorium Protactinium Uranium Neptunium Plutonium Americium Curium Berkelium Californium Einsteinium Fermium Mendelevium Nobelium Lawrencium
227.028 232.038 231.036 238.029 237.048 244.064 243.061 247.070 247.070 251.080 254 257.095 258.1 259.101 262
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Plasma

Sample Introduction
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Solute | Molar fraction | Mass fraction
Nat 0.4188071 0.3065958
Mg?t 0.0471678 0.0365055
Ca?t 0.0091823 0.0117186
K* 0.0091159 0.0113495
St (0.000081 0.000226
Cl™ 0.4874839 0.5503396
SOT 0.0252152 0.0771319
HCO, 0.001534 0.0029805
Br— 0.000752 0.001913
CO4 2 0.0002134 0.0004078
B(OH), 0.00009 0.0002259
F 0.000061 0.0000369
OH~ 0.0000071 0.0000038
B(OH), 0.0002807 0.0005527
COs 0.0000086 0.0000121
TOTAL 1 1

J. Antonio Sanmartino Rodriguez. Membrane technologies

Mass Spectrometer IERTDHch / for brine treatment and membrane reuse, 2018.
Waste
Spray Chamber Pneumatic Nebulizer
AI396,153 | As 188,979 | Au 267,595 | B249,677 | Ba 233,527 | Be 313,107 | Ca 317,933 | Cd 228,802 | Ce 413,764 | Co 228,616 | Cr 267,716 | Cu327,393 | Fe 238,204 | Ga 417,206 | K766,490 | Li670,784 | Mg 285,213 Mn 257,610 {Mo 202,031 | Na 589,592 | N231,604 | Ph 220,353 | Ru 240,272 | Se 196,026 | Sr407,771 | V290,880 | Zn 206,200
(mg/t) | (mg/L) | (mg/L) | (mg/L) | (mg/t) | (mg/l) | (mg/L) | (mg/t) | (mg/L) | (mg/L) | (mg/L) | (mg/L) | (mg/L) | (mg/l) [ (mg/t) | (mg/t) | (mg/L) | (mg/L) | (mg/L) | (mg/L) | (mg/L) | (mg/l) | (mg/t) | (mg/L) | (mg/L) | (mg/L) | (mg/L)
Sat B0 R 0§ 455 6008 20045 gL N8 WSS LT @R e SeM S el M WY Sy SEA M0 MSB H4m0 S07 89 B8R SB4 00
Brine 555 068 5% 19 02 20080 803 N5 MM 4R @4 1507 I S 08 M9 68St S0 SR8 AU M6l 4B Sl 47 4 BLE 308




Magnesium precipitation through PH
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\\ Hydrochloric
| acid plant

M _/“_\

3 Chlorine

el Strainers
INTAKE [—_’-\\ \ | —» FLUME |
\ Dilute
/ MgCl
' soin
Ocean water gCl; + Ca(OH);

@ Me(OH),; + CaCl, S

shells
CaCO, ‘i

. - ”
ahe, 2t
Mth-*Mz +Cl, >
C AT Ry~ ap s
. ‘
\ )

g, Electrolytic cells

o
S N — l"g

P. V. Puyvelde. Algemene en technische scheikunde. KUL, Leuven, Belgium, 2017

Sample Id Ca 317,933 | Cu 327,393 | K766,490 | Li 670,784 | Mg 285,213 | Mo 202,031 | Na 589,592
(mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L)
Salt 8781.74 170.65 1775.61 21.21 4974.39 -535.49 32110.71
Brine 8030.37 150.27 2290.85 21.91 6808.91 -535.28 41143.87
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Price Evolution
Lithium Carbonate - Lithiyum Hydroxide Battery Grade
Source: = Fastmarkets

Y MARKETS
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Sample Id

Ca 317,933
(mg/L)

8781.74

8030.37

Cu 327,393
(mg/L)

170.65

150.27

K 766,490
(mg/L)

1775.61

2290.85

Li 670,784
(mg/L)

21.21

21.91

Mg 285,213
(mg/L)
4974.39

6808.91

Mo 202,031
(mg/L)

-535.49

-535.28

Na 589,592
(mg/L)

32110.71

41143.87
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Salt lake brine \

@ Aqueous phase

‘ Organic phase

Back
pxtractioy
\ Evaporation

y

\ Purification I-’ Solid particles

!

Lithium solution (—| Na,CO,

J
‘ Li,CO, |

Sun, Y. et al. Separation and Purification Technology 2021

Atacama
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i Seawater ——
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< membrane
1 N ] 1 ]
i Anode i Feed i Cathode E
i Compartment | Compartment ! Compartment }
1 1 L]

(b)

Feed
Compartment

Cathode W
compartment

TiO4 octahedra

King Abduliah Univeraity of
Science and Teinology

(H

Zhen, Li, et. al. KAUST, 2021

1.5 mm

Estimated costs for seawater
Lithium concentration and
production

1kg Lithium ~ 76 kWh

By-products H, and Cl,



Li — Through Direct Lithium Extraction
For example:

LITAS™ BREAKDOWN & IMPLEMENTATION

Metal Organic Framework Mixed Matrix Membrane EnergyX Membrane Module EnergyX Module Cluster Rack

(MOF)

Thousands of modules are linked

Metal nanoparticles connected MMM are highly interconnected Large formed sheets of MMM are
together by organic linkers, networks of MOF held together by a rolied into a module for the separation together to a lithium extraction facility.
performing as a size sieve, polymer. of lithium,
Energy X
‘v
IBC technologies
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g Lge NaOH 48%

' .‘ F - Flakn Unit
|~ _ -' F % r ‘ ‘; NaOH 98%
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NaOH 32% Triple Effect NaOH Product
Water Receiver Evaporator Receiver E@ .

Electrolysis Cel
with lon Exchange Membrane ’ _1

L

AGC Group

Chlor-Alkali production

- Mercury, Nafion (Fluorpolymer)

- Novel Cation exchange membranes. Electrolysis by zero-
gap membrane electrolysers



. 0: ] 4 i3
i NaOH 32% Tnpla Effect NaOH Product
Receiver E

wﬂhlon Exchango Mambrano

AGC Group

2NaCl (aq) +2H,0 (/) = Cl, (g) + H, (g) + 2NaOH (aq)

Cl, + 2 NaOH - NaCl + NaClO + H,0O

Chlor-Alkali production

- Mercury, Nafion (Fluorpolymer)

- Novel Cation exchange membranes. Electrolysis by zero-
gap membrane electrolysers
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Molybdenum ubidium

Source: Sea4Value.eu



