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Water-Related Challenges
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Alternative Water Resources: Water-Energy Nexus

Water-Energy @
Nexus i

“If we could ever competitively, at a cheap rate, get fresh
water from salt water, that it would be in the long-range
interests of humanity which would really dwarf any other
scientific compliments.*
President John F. Kennedy
1962
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Water Security Challenge in Taiwan

Alternative Water Resource
> Policy made by Water Resource Agency

Recent situation (2015) 2021 2031
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THE GLOBAL WATER
MARKET IN 2018
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The global water market — that is to say the sum of both operating and capital expenditures by ,
utilities and industrial water users on both water and wastewater — is estimated to be worth around %;3,,

$714 billion in 2016*. It is expected to grow at an average annualfrate of 3.8% juntil 2020, with capex
(+5.3%) growing faster than opex (+2.8%).
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Growth in spending by market, 2017-2022 ,v%
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Timeline of Desalination Technologies s
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Energy-efficient process
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i < 2 kWh/m3
 Multiple-Effect Distillation (MED) * Reverse Osmosis (RO) i * Forward Osmosis (FO)
* Electrodialysis (ED) | * Membrane Distillation (MD)

» Multi-Stage Flash Distillation (MSF)
| ! « Capacitive Deionization (CDI)
Next technological ~ Hybrid Process

1st technological
innovation

innovation

Courtesy of Prof. C.H. Hou/ Inst. Env. Eng., NTU



i




Traditional Thermo-based

sun

Seawater Desalination Proc.

distillate or
condensate
trough
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4700 m3/hr




Milestones in the Development of RO & NF

O
NG

___ Desalination capability of cellulose acetats film demonstrated

Breton and Reld - 1959 L=5~20um
symmetric cellulose membranes develo P=1000 Ib/ in?
'@&mﬁmﬁan - 1962 )\ Salt rejection 98%
___ First practical spiral-wound module Flux t

General Atomics - 1963 10 times

___ First commercially successful hollow-fiber module

Du Pont - 1967 High salt rejections
mr;:clll composite membrane developed InfeﬁdCIgl .
—_Cadotte - 1972 polymerization

Low-pressure nanofiltration membrane widely available
Fluid Systems, Nitto Denko, FilmTec - 1986

Y : Yy Y , \J ; : :
1960 1970 1980 1990 2000
First commercial
interfacial composite First fully aromatic thin
Riley at Fluid Systems | , film composite (FT-30)
Jiddah seawater plant Cadotte - 1978

installed - 1975













integral asymmetric

active layer

porous support
phase inversion (single polymer)

Loeb-Sovurirajan asymmetric membrane
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Water Desalination NG

Feedwater characterisation by salt content

Minimum Maiximum
salinity TDS  salinity TDS
[ppm] [ppm]
Seawater 15,000 50,000
Brackish water 1,500 15,000
River water 500 1,500

Pure water 0 500
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Desalination Technologies )
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Thermal Membrane-based
l\(ﬁlsltgstage flash distillation Reverse osmosis (RO)
l\ﬁét]iésffed evaporation Nanofiltration (NF)
\<<’;18CI))I>COmPfeSSiOH distillation Electrodialysis (ED)

Membrane Distillation (MD)
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Comparative cost of the major desalination )
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Desalination
cost
($/1,000 gal)

1

Salt concentration (g/liter)

Reverse osmosis 1s the lowest-cost process at
3000 to 10000 ppm salt solution




Membrane distillation (MD) utilize waste heat

Desalination, 187, 12-19, 2006
Water production costs of Memstill® vs. RO (seawater 105,000 m*/d)

Memstill” Memstill® RO RO

Fuel fired Co-gener]  Waste heat Min Stand.
Energy costs
Heat. MJ/im’ 231 231 139 139 =3 —
(Costs in $/GJ) (1.30) (0.50) (0.50) (0.10)
Electricity. KWh/m’ 0.75 0.75 0.75 0.75 25 45
Heat costs, $/m’ 0.30 0.12 0.07 0.0] — —
Electricity costs, $/m’ 0.03 0.03 0.03 0.03 0.10 0.18
Fixed costs
Hardware. excl membranes, $/m’.d 165 165 750 1024
Module costs. $/m’.d 214 233 35 49
Hardware costs, $'m’ 0.05 0.05 0.05 0.05 0.23 0.32
Module costs. $/m’ 0.11 011 012 0.12 0.02 0.03
Auxiliary costs
O&M. chemicals. filters etc.. $/ny’ 0.05 0.05 0.05 0.05 0.10 0.10
Water costs total, $/m’ 0.54 0.35 0.31 0.26 0.45 0.63
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TR Mapping Technologies for Ions

Industrial Technology
Research Institute
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Membrane Distillation
Membrane distillation (MD)

50780 °C 15~25°C
Purity AB e Teknikh6jden, Bjornnasvagen 21
SE-114 19 Stockholm ¢ SWEDEN

- porosity
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Process Desicn TRENDS

Chemical Engineering Progress ~ January 2000 23

Process Intensification:
Transforming
Chemical Engineering

Emerging equipment, processing technigues,
and operational methods promise spectacular
improvements in process plants, markedly shrinking

ANDRZE) I. STANKIEWICZ, their size and dramatically boosting their efficiency.
DSM ResSeArCH/DeLFT UNIVERSITY : 5 :

OF TECHNOLOGY These developments may result in the extinction
Jnccn i MotLN, of some traditional types of equipment, if not

DeLrr UNIVERSITY OF TECHNOLOGY
whole unit operations.

oday. we are witnessing important  fication. no matter how we define 1t. does not

new developments that go beyond seem to have had much impact in the field of

“traditional” chemical engineering. stirring technology over the last four centuries.

Engineers at many universities and or perhaps even longer. But, what actually is
mdustrial research centers are working on novel process intensification?




shuicaient already exist that can
be characterized by their E & m
transfer performances

Rotating
Packed Bed

A .I Courtesy BRITEST
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Process Intensification }
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Equipment -  —> Methods
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i Equipment for Equipment for J G 2
Baassn Operations Multifunctional Hybrid Alternative Other
rying Out 3 >
EinrmiaB e notInvolving Reactors Separations Energy Sources Methods
) \Chemical Reactions \ )
Examples

Spinning Disk Reactor ~ Static Mixers Reverse-Flow Membrane Absorption| Centrifugal Fields  Supercritical Fluids
Static Mixer Reactor Compact Heat Reactors Membrane Distillation | Ultrasound Dynamic (Periodic)

(SMR) Exchangers Reactive Distillation | Adsorptive Distillation | Solar Energy Reactor Operation
Static Mixing Catalysts ~ Microchannel Heat Reactive Extraction Microwaves

(KATAPAKSs) Exchangers Reactive Crystallization Electric Fields
Monolithic Reactors Rotor/Stator Mixers Chromatographic Plasma Technology
Microreactors Rotating Packed Beds Reactors
Heat Exchange (HEX) Centrifugal Adsorber Periodic Separating

Reactors Reactors
Supersonic Gas/Liquid Membrane Reactors

Reactor Reactive Extrusion
Jet-Impingement Reactive Comminution

Reactor Fuel Cells

Rotating Packed-Bed
Reactor

_

ytankiewicziandivieuljnyskProcessintensiticationilranstorming Chemical’ Engineerngs CLr;

JantanRy 2000




Original Installation: PSA Recovery New Installation: Membrane System
System

Courtesy of Prof. Ingo Pinnau at KAUST



Membrane distillation (MD) utilize waste heat

__Desalination, 199, 175-176, 2006
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fuel or waste/solar heat
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Fig. 1. Membrane modules for pilot plant.




Three major problems in MD process *:,,‘;)

tb’llmﬂ"

Incident
light

Hot feed Cold distillate
1. Temperature polarization
2. Surfactant wetting membrane pore

3. Low energy efficiency (< 40%)




Alternative Water Resources: Water-Energy Nexus

Water-Energy @
Nexus i

“If we could ever competitively, at a cheap rate, get fresh
water from salt water, that it would be in the long-range
interests of humanity which would really dwarf any other
scientific compliments.*
President John F. Kennedy
1962

Courtesy of Prof. C.H. Hou/ Inst. Env. Eng., NTU



Photovoltaic module —

Reverse osmosis
Electrodialysis
Hybrid membrane system

Electrical
energy

Solar

radiation

Mechanical/
shaft energy

Reverse osmosis
Hybrid membrane system

Membrane distillation
—__JForward osmosis
Hybrid membrane system

Thermal
energy

from Zewdie et al. Water Reuse 11.1 (2021)



B SPRO B
B SPFO

11%

10%

38%

Figure 1 | Overview of the utilization of solar energy in membrane technologies (SPRO,
solar-powered reverse osmosis; SPFO, solar-powered forward osmosis; SPED,
solar-powered electrodialysis; SPMD, solar-powered membrane distillation;
SPHMS, solar-powered hybrid membrane system) (data acquired from Web of
Science, accessed on 29 April 2020).

from Zewdie et al. Water Reuse 11.1 (2021)
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Nature-inspired

Biomimicry Geomimicry




Superomniphobic Surfaces in Nature

C—

Negative
curvature on
overhanging
profiles prevents
liquids from
advancing

Arrays of air-filled
nanocavities are
formed within the
surface comb
structure

Bristles shield
the surface by
macroscopic
air cushions




Re-entrant structures

The omniphobicity was
attributable to re-entrant
structures and Jow
surface energy.

Superhydrophobic
Water drop

.

il drop

¢

Superomniphobic

Smooth surface




Re-entrant structures

The omniphobicity was
attributable to re-entrant
structures and Jow
surface energy.

(€) Re-entrant (f) Re-entrant

( g) Re-entrant

Wenzel state Cassie-Baxter state

(d) Not Re-entrant ~ Re-entrant (h) Doubly re-entrant

Oyt < 90° 0t 0> 90°
Wet by liquid Not full

\_/

(a) Liquid droplet displaying contact angle of 0 on flat surface, (b) droplet

exhibiting Wenzel state of wetting, (c) trapped air between droplet and surface

in Cassie-Baxter state of wetting, (d) non-re-entrant and re-entrant structure,
e~g) re-entrant structure, (h) doubly re-entrant structure.




Synthesis
ofZnO
film

RT: Room Temperature (27°)
HT: Higher Temperature (90°)

Precursors

Acetate Nitrate

| | | | |
Only CBD SILAR at SILAR + SILAR + SILAR +
at RT RT CBD at RT CBD at HT CBD at HT
/ J

\

Figure 1 Schematic representation for the

synthesis of ZnO via various route using different
precursors at different temperature [1].

Figure 2 One-dimensional (1D), two-dimensional

(2D), and three-dimensional (3D) zinc oxide nano-
structures [2, 3, 4].

[1]P.K. Baviskar et al., “Controlled synthesis of ZnO nanostructures with assorted morphologies via simple solution chemistry,” Journal of Alloys and
Compounds, 551 (2013) 233-242.

[2] X. Feng etal., “Reversible super-hydrophobicity to super-hydrophilicity transition of aligned ZnO nanorod films, ” Journal of the American Chemical
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Photothermal membrane

Nanophotonics-enabled solar membrane distillation for
off-grid water purification

Pratiksha D. Dongare®?<41, Alessandro Alabastri*% 1, Seth Pedersen®®, Katherine R. Zodrow®?e,

’ Nathaniel J. Hogan®”<, Oara Neumann®*¢, Jinjian Wu®®, Tianxiao Wang®, Akshay Deshmukh®/,
=@ Menachem Elimelech®", Qilin Li%®?, Peter Nordlander®%9, and Naomi J. Halas®"%9-"2

77005; “Applied Physics Graduate Program, Rice University, Houston, TX 77005; “Nanosystems Engineering Research Center for Nanotechnology-Enabled
Water Treatment (NEWT), Rice University, Houston, TX 77005; *Department of Civil and Environmental Engineering, Rice University, Houston, TX 77005;
Department of Chemical and Environmental Engineering, Yale University, New Haven, CT 06520-8286; 9Department of Physics and Astronomy, Rice
University, Houston, TX 77005; and "Department of Chemistry, Rice University, Houston, TX 77005

" ®Department of Electrical and Computer Engineering, Rice University, Houston, TX 77005; PLaboratory for Nanophotonics, Rice University, Houston, TX
-'

Contributed by Naomi J. Halas, May 16, 2017 (sent for review February 2, 2017; reviewed by Svetlana V. Boriskina and Amy Childress)

A Conventional MD B 7 NESMD

Solar irradiation

Heated saline

water
Evaporation of water

Carbon black in PVA
Evaporation. of water

PVDF Membrane PVDF Membrane
\ . . *

Water Vapor : 4
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R T

PR X N, e S
Condensation of water«wvapor .. Condensation of water vapor

Purified
water




Photothermal membrane

ARTICLES

Figure 1 | Comparison of classical and directly heated membrane distillation. a, Diagram of a classical MD process where a hot feed (brine) flows over one
side of a hydrophobic membrane and a cold distillate stream flows over the other side, leading to a vapour pressure gradient across the membrane that
drives water vapour from the hot, salty feed to the cold distillate. b, Direct surface heating of a composite MD membrane composed of a porous CNT-based
Joule heater and a hydrophobic porous support. The cold feed (brine) is heated on the membrane surface, which drives water vapour transport across the
hydrophobic support into the distillate stream, leaving dissolved ions behind. Inset: zoomed-in rendition of the thin-film CNT Joule heater structure on an MD
membrane surface showing electron (e”) flow and heating.




Previous work: Overcome two major problems in MD g“;;:,,%
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(a) Pristine hydrophobic membrane (b) Omniphobic and photothermal b
dual-functional membrane
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1. Temperature polarization 1. Overcome temperature polarization
2. Surfactant wetting membrane pore 2. Mitigate surfactant wetting membrane pore
3. Low energy efficiency (20~40 %) 3. High energy efficiency ( 60~80% )

O Na* O CI /‘ Surfactant @ CB NPs with omniphobic and photothermal properties




Photothermal membrane
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Prof Qilin Li group, Nanophotonics-enabled solar membrane distillation for off-grid water purification,
Proceedings of the National Academy of Sciences, 114 (2017) 6936-6941.




Previous work: Overcome two major problems in MD 3
)

(a) Pristine hydrophobic membrane (b) Omniphobic and photothermal W
dual-functional membrane
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1. Temperature polarization 1. Overcome temperature polarization
2. Surfactant wetting membrane pore 2. Mitigate surfactant wetting membrane pore
3. Low energy efficiency (20~40 %) 3. High energy efficiency ( 60~80% )

O Nat O CI j" Surfactant @ CB NPs with omniphobic and photothermal properties




u
PERSPECTIVE | INSIGHT nanotechnology

https://doi.org/10.1038/s41565-018-0203-2

Emerging opportunities for nanotechnology to
enhance water security

Pedro J. J. Alvarez™, Candace K. Chan? Menachem Elimelech®3, Naomi J. Halas* and Dino Villagran®

(A) Omniphobic membrane (B) Solar membrane distillation

& Fluorinated silica
Inorganic/organic nanoparticles

nanofibres

3 - 4 —
== ¥ 4 N

The omniphobic and photothermal membrane are highlight in
nature nanotechnology (Pedro et al., 2018, 13, 634-641)
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Figure (a) membrane surface temperature measured method, (b) CB NPs absorption
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Direct Solar Membrane Distillation (DSMD)

4
[~ no sun light
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Figure Permeate flux for pristine hydrophobic membrane and dual-functional membranes with
and without light irradiance. The solar simulator intensity is 1 sun unit (1000 W/m?).




Figure SEM images of the outer surfaces of dual-functional membrane after DSMD test.

Capillary coating method
Polydopamine well connect substrate and carbon black nanoparticle
A




Direct Solar Membrane Distillation (DSMD) s"%

14 =
e PVDF membrane 7
Rejection S Omniphobic-photothermal membrane
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Figure Direct solar membrane distillation test with SDS surfactant for pristine membrane

and dual-functional membrane with 0.2 wt% carbon black nanoparticles.



Schematic illustration of the liquid-air interfaces i’é}a )

Pristine membrane

(a) 0.2 mM SDS (b) 0.3 mM SDS (c) Wetting
(Partial wetting) (Completely wetting)
0, :
WBHH Hl‘w { % mnf )/ f a SUbStrate ?ﬁ ..... : B Prlmary
— T nanostructures

Dual-functional membrane
0.2 mM SDS 0.3 mM SDS N i
(d) (e) (f)  Non-wetting Secondary

(Non-wetting) (Non-wetting)
Nanostructures
@ | (re-entrant)

<+— Primary
nanostructures

Substrate

Figure Schematic illustration of the liquid-air interfaces for a low surface tension liquid. The
intrinsic contact angles for the low surface tension liquid (6,) on the fluorinated surfaces.




Membrane distillation (MD)
utilize solar energy
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Blue energy and energy resources distribution )

About 2 terawatt of blue energy is available globally from the river water falling into the sea. ——
Waste water discharged into the sea can generate additional 18GW of energy.

Renewable
Hydro 1.6%

4.9%

Nuclear

Renewableq 3% 27.6% il

0il

Hydro
Natural Gas
Nuclear

Natural Gas Coal

BP: Statistical review 2011 Recalculated

According to some optimistic estimations, 80% of the worlds power consumption can be

generated from the salinity gradient. It can reduce 40% emission of green house gases.
JW. Post, PhD thesis, Wageningen University, Wageningen The Netherlands (2009)



Osmotic power
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Statkraft is the world’s leader in the development of osmotic

power. Osmotic power is clean, renewable energy, with a
global potential of 1600 to 1700 TWh — equal to China’s
total electricity consumption in 2002.

‘Q Statkraft



i E ft
’H# %"""'”
Solar |

radiation

Thermal collector/

Brackish Photovoltaic module

water Diluted draw solution

!

L

Developed an integrated forward osmosis-
solar-powered membrane distillation system.
FO: water recovery of 53.5%.

MD: water flux of about 5.7 L/m? h and
99.55% rejection rate. Energy consumption of
the hybrid system reduced by 67%. MD-solar-
powered system energy consumption
recorded 1.1 kWh

water Suwaileh et al.
(2019)

[

1 FO {
Brine Concentrated
solution draw solution

from Zewdie et al. Water Reuse 11.1 (2021)
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Lithium crystallization

satured solution to obtain the crystallization of lithium chloride.

Permeate RO
|———————— ———
0,533 ppm 0,004 ppm
360 m’ 270 m? 135 m?
Retentate UF Retentate NF Permeate MID
0,533 ppm 0,533 ppm 1,062 ppm =
40m? 90 m? 135 m? 0,005 ppm
128,250 m?

Permeate MCr
-

0,444 ppm
6,749 m’
Retentate MCr

(salts + liquid stream)

21,147 ppm
6,750 m’

136294,974 ppm
0,001 n?

lithium chloride solubility: 76.9 g/100mL

Recovery (%) 99.98

Rejection (%) - 0 0 99.25 99.54 97.90

Volume (m?) 400 360 270 135 6.75 0.001
Concentration (ppm) 0.533 0.533 0.533 1.062 21.147 136295

Concentration factor (-) 6445



Artificial
intelligence
AIEE

L




¥ *Membranes
3 wFlIbrablb“h‘“*

4 Wby
1 e
PG Iedlerm e Ol
O Opiemt e bprmews Opdcil e




Monitoring and Visualizing
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Monitoring Technique for Water Treatment Membrane Processes
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Monitoring Technique for Water Treatment Membrane Processes

Kuo-Lun Tung

Professor/Deputy Director
R&D Center for Membrane Technology / Department of Chemical Engineering
Chung Yuan Christian University, Chungli, Taiwan

15.1 Introduction

Membrane fouling and subsequent flux decline are undesirable but inevitable problems
in membrane filtration processes for water treatment. To deal with these formidable
obstacles, numerous methods have been adopted by experts in the discipline of water
treatment membrane process: for example, development of low fouling membranes,
design of high efficiency modules, selection of optimal operational strategies, and
several improvements in peripheral control, monitoring and cleaning techniques.
However, the gradual development and improvement of these methods limit the
competitiveness of the process and its wide acceptance during past three decades. An

early warning technique for fouling problem in water treatment membrane process is

P
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® Unconventional water
resources, such as desalinated
water, are key to support SDG 6
achievement.

® Currently, desalinated water
production is

95.37 million m3/day.

® With glowing water scarcity,
desalination of various water
source is one of the viable
options to fulfill the water
supply-demand gap.




Global Distribution of Large Desalination Plants

0/
} 2 Feedwater Technology Capacity (m?%d)
= ©  ® Seawater O RO o 10,000 - 50,000
Science of The Total Environment 657 (2019) W Brackish A MED L] 50,000 - 100,000
1343-1356 m River 0 MSF [] 100,000 - 250,000
W Waste ¥ ED ITRI
(J Other ¢ Other >e0.000 "‘I e —
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Operational Desalination Facilities by Technology and Feed Water Type

® Membrane technology (RO) and thermal technology (i.e., MSF & MED) are the two main

desalination methods.

® Energy consumption and brine production are key barriers to desalination expansion.

2% <1%

3%

Recovery ratio of different feed water-technology
combinations producing desalinated water

Feedwater type Technology
RO MSF MED NF ED EDI EDR Other

Seawater (SW) 042 022 025 069 086 090 0.40
Brackish (BW) 065 033 034 083 090 097 090 060
River (RW) 0.81 035 086 090 097 096 0.60
Pure (PW)? 0.86 035 089 090 097 096 0.60
Brine (BR) 019 009 0.12 0.85 0.40
Wastewater (WW)° 065 033 034 083 0.90 097 0.60

* Reverse Osmosis (RO) * Multi-Stage Flash (MSF) Average recovery ratio:
* Multi-Effect Distillation (MED) Nanofiltration (NF)
" Electrodialysis (ED) * Other

Science of The Total Environment 657 (2019) 1343-1356

Based on data from: Ahmed et al. (2001), Allison (1993), Almulla et al. (2002

Electrodialysis (ED, EDR) > Membrane (RO, NF) > Thermal (MSF, MED)

Can be optimized by systematic design

Research Institute
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Current Status of Desalination Technology

Category Membrane Thermal Adsorption
. Multi- Adsorption "
Reverse Forward | Membrane Nano- Multi- Vapor Com- P / Capacitive lon
. . . Electro- o effect . Desorption R
Technology Osmosis [ Osmosis | Distillation . filtration | Stage Flash o lee pression S Deionization | Exchange
(RO) (FO) (MD) Dialysis (ED) (NF) (MSF) Distillation VO) Desalination (D) (E)
(MED) (AD)
technological
No'og 9 5 6 8-9 8-9 9 9 9 5 4 9
readiness level
Capital cost | Medium | Medium High Medium | Medium | Medium Medium Medium | Medium-high High Medium
Operating cost| High Medium | Medium | Medium | Medium High High Medium Low Medium High
Full scale
L +++ + + ++ ++ +++ +++ ++ - - +
applications
120 E r 20000
120 - 2 B [ A
Global cumulative contracted capacity (2017%*): 100 | — RO
_— 1004 99.8 million m¥/d _— = [
RS ; - ; B 80 — ED o
= Global cumulative commissioned capacity (2017): 3 P 15000
c 801 92.5million m*d £ o = c
= . § 1 e
TE' 60 4 Values through June 2017 = - v 5 .moo%
Z % - 7 £
4L:>; 40 4 'g? 60 1| 20 | 7 . it 100003
2 3 N 7 N N 3
] = 0 4 7,/ 0 /4 s 2
20 A S 40| 1980 1985 1990 1995 2000 2005 2010 2015 2020 7 ‘ 7 7 8
O T T T T T T T T T T E % % /l//f r 5000 <
1965 1970 1975 1980 1985 1990 1995 2000 2005 2010 2015 & 55 N NN
Year LR // ? N[
—— Contracted === Online 6 AP T % L N NN,
1960 1965 1970 1975 1980 1985 1990 2005 2010 2015 2020
- ITRI
: : £ Desalination Plant @z Operational Desalination Plant
Science of The Total Environment 657 (2019) 1343-1356 S A o oo
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Forward Osmosis (FO)

> Key barriers/needs for FO:

—FO membrane with high permeate flux, low concentration polarization, low reverse solute flux and low
fouling potential

—Recyclable draw solution with low energy consumption for recovery (the proportion of consumption
in FO process for draw solution separation: > 90%)

The potential benefits of FO

— \ — membrane
/ Low \ Low

/ Y '
. . / Reduced " | l I .
hydraU“C / &j\” cleaning ) E Diluted draw solution the proportlon Of energy
pressure (

‘ consumption > 90%

Low

T energy
/ High "\ . praw : :
| osmotic | ';“9:3' Forward solution Regeneration system:
: (water Tlux ) ) recovery
w Osmosis oadq  UF, NF RO, MD

(pressure, heat, cold)

Product
water

-~ ~

/ High \

{ \

.. (Al ) Concentrated
rejection | — draw solution
quality Concentrate &
— e/
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Thermal Responsive Draw Solute

® The LCST type mono-cationic and di-cationic phosphonium-based IL draw solutes with several
anions, including p-toluenesulfonate (TSO), hydrogen maleate (Mal), and
trimethylbenzenesulfonate (TMBS) were developed in ITRI.

e Thermal . S LCST: separate into two
responsive \ phase with temperature
. ﬂ % % raised.
NP~~~ P~ ‘ ‘
{ hat . .
| Phase separable | | High osmotic pressure |
tetrabutylphosphonium cation 1,8;octanediyl-bis(tri-n-butylphosphonium . .
([Pa4aal*, P1) cation ([(P4444)2]?*, P2) red u CI n g I n Crea S I n g
(b)anions Consumption in » Water flux
o . e separation process « Concentration ratio
4
O or © ﬁ Water content %
—
hydrogen maleate ([Mal]’) p-toluenesulfonate ([TSO]") ﬁﬁf;;i?;ethyl-benzenesulfonate 9 0 % 80 % 70 % 60 % 50 % 4 0 % 30 % 20 % 1 0 %

P.-I. Liu et al. / Desalination and Water Treatment 200 (2020) 1-7

f Indusiral Technology
eeeeeeeeeeeeee
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ED/EDR technology

Electrodialysis (ED)

removes ions from water and wastewater using a direct electric charge to drive the ions in anion or cation
exchange membranes. The cations migrate to cathodes and anion migrate to anodes.

Anion membrane Cation membrane Anion membrane
Copyright © 2018 Industrial Technology Research Institute.

Electro-Dialysis Reversal (EDR)

reverses the polarity of electrodes periodically to improve anti-scaling and anti-fouling property, and
also extends the life of ion exchange membranes.

'f Industrial Technology
Research Institute
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lon-exchange Membrane from ITRI

Low Membrane Resistance High Chemical Tolerance

» Membrane resistance: » Membrane resistance:
CEM<10 Q-cm? / AEM<5 Q-cm? CEM<20 Q-cm? / AEM<20 Q-cm?
> Swelling ratio: <1% > Swelling ratio: <1%
» Burst strength: >5 kg/cm? > Burst strength: >5 kg/cm?
» pH tolerance: 2~12 » pH tolerance: 1~13
» Permselectivity: 90% » Permselectivity: 90%
» Dimension: 40 cm (W) x 80 cm (L) » Dimension: 50 cm (W) x 100 cm (L)

0.5 Kg/batch 3 Kg/batch 10 Kg/batch

Copyright 2021 ITRI TZHli#FZEME



Comparison of Desalination Technology (EDR v.s. RO)

Reverse Osmosis (RO)

e High operational pressure (P> 15 kg/cm?)
e Limitation of influent WQ (sDi < 15)

Water Recovery Rate < 50%
(affect by influent WQ)

Energy consumption > 2.5 kWh/m3

------------------- Chemical cleaning

(acid/alkali, anti-scalants, etc.)

Electrodialysis reversal (EDR)

e Electrical drive for ion separation
e Less influent requirement (SDi > 15)

® Simple process (less pretreatment
requirements)

AAp

Electrically-driven

Water Recovery Rate > 70%

(higher tolerance for complex influent WQ )

Energy consumption < 1.5 kWh/m?3

Polarity reversal
(membrane self-cleaning
with less chemicals usage )

'f Industrial Technology
Research Institute
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Industrial Wastewater Reclamation for
Petrochemical Plant

- Wastewater treatment effluent contains high concentration of Ca*2 and SO, with high scaling
potential.

 EDR is used as the major desalination unit for wastewater reclamation and the treated water is
recycled as cooling tower make up.

« The wastewater reclamation plant is completed at 2020 with a daily production of 3,000 m?3 of reclaim

water.
Wastewater Recycle to
treatment effluent i cooling tower
—— Pretreatment > EDR > Production _g’
Q< 6,000 CMD water Q> 3,000 CMD
Cond.< 6,500 puS/m 1 Concentrate Cond.< 550 uS/m
Discharge

- | e—— .

EDR wastewater reclamation plant EDR system for wastewater reclamation dh

f Industrial Technology
Researc h Institute
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Industrial Wastewater Reclamation for
Semiconductor Manufacturing

* Pretreatment and post-treatment are key factors for successful wastewater reclamation from
industrial effluent.

 Integration of physical, biological and desalination technologies to achieve high quality requirement
of reclaimed water applying to semiconductor manufacturing.

* The wastewater reclamation plant is expected to completed at the end of 2021 with a daily
production of 20,000 m3 of reclaim water.

Effluent of Semi- Raw water of Reclaimed water
treatment |« conductor |— semiconductor l—] > B<0.1ppm
lant lant » NH;-N<0.5 ppm
plan process plan > Urea<5 ppb
I__________—________UT___I
=Y R _ R R rea
» BioNET — FBC [ SF [~ UF [~ RO Reaction

|

Treatment efficacy : |

> BIioNET : remove NH;-N * TOC and Urea |

> FBC : remove Ca * Mg * PO* |
> UF/RO : desalination | DAF —{ AFB

I

I

I

\ 4

Coagulation [— Discharge

> DAF : flotation of solids

» Urea Reaction : remove residual Urea

> AFB : remove NO; in brine

» Coagulation : remove residual pollutants

* BioNET: Biological filtration technology ITRI's
* FBC: Fluidized bed crystallization
« AFB: Anaerobic fluidized bed Technology

f Industrial Technology
Research Institute
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ED Hybrid System for Seawater Desalination

” ) : ® High-pressure operation (50~80 kg/cm?) cause
Traditional Desalination: SWRO Probleml\ss ue{ high energy consumption/carbon emission A
Seawater — o Cclnn > > Desalinated water

40,000 mg/L High TDS brine rejection )

Low-Carbon Desalination: ED/LPRO Features { ® Tolerance in various influent water quality
Seawater — i T> ED / LPRO — > Desalinated water

+0.000 mglt o : : Low-pressure RO (LPRO)
Electrodialysis reversal (EDR) “*» Brine e Ensure produced water quality
® High TDS influent pretreatment e Lower loading of desalination
\ e Gradient potential control for energy saving /
SWRO ED/LPRO REMARKS
CapEX (NTD/CMD) 50,000 - 60,000 30,000 - 40,000 | Expense of desalination unit
OpEX (NTD/m3) 30 - 65 25 -30 Including EC, chemicals, manpower, etc.
EC (kwh/m3) 3.5-4.5 20-25 Based on TDS of produced water < 400 mg/L

Copyright 2021 ITRI TZHli#FZEME



Brine Management Is Critical for Desalination

Brine produced from seawater desalination and wastewater reclamation have
huge environmental impact on receiving water body.

m--F

B”eTITEated wa:i'; fi!:‘ icti

Desalination Brine Adverse effect to the environment & ? !

Plant Desalted Water -Innovation and developments in
brine management and disposal
options are required.

Copyright 2021 ITRI TZHli#FZEME



From Waste to Resources?
Valuable Resource Recovery from Brine

Membrane-Based Electro-Separation Technology

® In-line separation anionic/cationic ions
® Selective production of HCI/H,SO,/NaOH

Recovery to Acid and Alkali (R2A)

an IEM processes applies a selective membrane to split water into H*
Dilute solution and OH-for acid and alkali production.

Feed steam Acid

Brine water

Feed steam Caustic

Applications

® Brine recovery (cation/anion)
® Production of acid/caustic from mixed salt in liquid phase
® Pretreatment for final MVR/MED of ZLD process

Copyright 2021 ITRI TZHli#FZEME



High Conductivity Waste Liquor Converting to
Acid/Caustic Soda

Anion
exchange
tower

mNa+
K+
nMg2+

il

2B3T Resin tower

Cation
exchange
tower

mNa+
mK+
" Mg2+
Ca2+
uCl-
uNO3-
uS042-
msilicate

Product:

v HCI/NaOH: concentration > 10
wt% and purity > 90%

v Waste liquor Conductivity
reduce to below 1 mS/cm

Ca2+
uCl-
uNO3-
uS042- L
e Conductivity:
40-50 mS/cm
20 . 100%
.......... @ g
LQ. 000 g, ¢ ® ...
°§ 15 '€ —= 0] 90%
2 0@ =
- o® 80% X
g 10 | Q‘O >
© P 70% E
= S
g¢ s  _© Con. o
@ 60%
5 HCl o Pu
0@ 50%
00 20 40 60 80 100 120
Time (hrs)
25 100%
T2 o 0%
z o
= 15 00 80% <
= o° g
o >
g 10 - 0% 2
=1
g s . Con. 0% O
5 | ° NaOH e Pur
O 0@ 50%
00 20 40 60 80 100 120
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Time (hrs)

Conductivity [ms/cm)

90%
80%
70%
60'
50'
40'

2.0 4.0 6.0
t(h)

- For 90 CMD waste liquor, 3.0 t/d of 20.8 wt% NaOH and
3.0 t/d of 15.3 wt% HCI are produced.

- Purity of acid and caustic soda >90% and energy
consumption of 3.4 kwh/kg-NaOH.

- ROI for investment is about 5.3 years.

8.0

30'
20'
10'
0%

Conductivity
reduction (%)

12.0
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Capacitive Deionization (CDI)

Existing desalination technologies “

Reversed osmosis (RO)| Electrodialysis reversal Capacitive deionization exc'::nge

(EDR) (CDI) a0
Electrodialysis
Desalination Reverse

Process [Pressure-driven Electrical-driven Electrical-driven (5333] ol Osmosis

* High energy * High energy consumption |* Low energy consumption

consumption (1.1~ 1.35 KWh/m3) (0.3~0.6 kWh/m?) bl

Property | (1.5~ 1.85 kWh/m?) * Membrane fouling * No membrane needed

* Membrane fouling * Mature technology * Developing technology 8

« Mature technology . PR o 100

® CDI technology
Salts and minerals are removed from water by

applying an electric field between two porous +
electrodes Current collector
S Porous material . . '

® |deal electrode materials for CDI o @éﬁ

Highly conductive, high surface area, Concentrated © e Deionized

. . . . . t

suitable pore size distribution e water
e Application reeeesseeens B

More economical at lower concentrations Current collector

[
[
: ITRI
[
: u
NN NN NN NN NN EEEEEEEEEEEEEEEEEEEE f Industrial Technology
Research Institute
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Selective CDI Technology for Various lon Recovery

Tailoring inorganic/organic functional electrode materials for specific ion electro-
adsorption and desorption

Removal/
Recovery

Innovative Carbon/AT-A

Protein (GEL
Materials ..
+ Sl
+
3 tie |® Electro-driven adsorption
Electrochemical -&:+ O + and recovery of target ion
=+ : .
echnology Platform © + at low strength influent:
2ty Rapid, lon-Selective, _
% Electro-sorption/desorption
Ly A
Water for treatment
PCB Electroplating
wastewater TFT-LCD ITO etching TFT-LCD Al etching/ wastewater ITRI
wastewater Domestic wastewater £ e

Copyright 2021 ITRI TZHli#FZEME



Conclusion

e Unconventional water resources are key to support SDG 6 achievement.
With glowing water scarcity, desalination as a water supply option has
risen globally.

e Generally, membrane technology and thermal technology are the major
desalination methods. Both technologies face drawbacks such as high
freshwater production cost, intensive carbon emission and significant
impact to environment. Innovative technologies with economic benefit and
low environmental impact are critical to desalination expansion.

® Innovation and developments in brine management and disposal options
are key factors in desalination plants. R2A system is promising for brine
treatment and further producing valuable resources for reuse.

Copyright 2021 ITRI TZHli#FZEME



ITRI

Industrial Technology
Research Institute

Thanks for your attention!

Dr. Wang-Kuan Chang

Deputy Division Director

Div. of Water Technology Research

Material and Chemical Research Laboratories

2021.10.15 wkchang@itri.org.tw
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Background

« 137,000 m3/d capacity

 Design Build Own Operate (DBOO) with
25 years operation

e Dual intakes with Sea Water and Reservoir
Water

» Green roof top link to Park Connector
(accessible to the public)

* Viewing gallery

' Kppl Seghers A=COM



Pr0|ect Backggound and Key Features Overview
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The KMEDP is Singapore’s fourth desalination plant and is a public private partnership (PPP)
between Keppel Infrastructure (through its wholly-owned subsidiary, Marina East Water)
and PUB, Singapore’s national water agency.

B R R AR S AT B U B B/ KR, & B i eV & 1
/\H]Marina East WaterBGEfI /N FHEESE G < IV ATAE TR HERR% (PPP)

The plant can produce up to 137,000m3 of fresh drinking water daily.
2 MR AT AR jEE 25 13£137,000 m3EY G AR H 2R OK -

gapore’s First Direct Coupling Desalination Plant ¥
Direct coupling of ultrafiltration and reverse osmosis systems —
results in saving of 15% of energy used in a pumping cycle.

Omlttlng ONE pumping cycle

TR RS E S8 R i) A —(E/KIREER - &YRTE =15 %o HITEER AE

o

Incorporation of advanced system / equipment ¥4 & 4 Y 245 /5%
Singapore’s first water desalination plant using UV as primary disinfection

TSR & (R FH RS MRAE B E B BRI KRB IR -

One of the most compact desalination plants in Singaporet 13 &
Compact Pre-treatment achieving nearly 30% reduction in space

A R THER AR 7B AT 30% HY it {58

Direct coupling design with omission of booster pump, cartridge filters and UF filtrate tank

HiFEERGET, TEREER - FEUSIESS TR E 2K

Smaller footprint of UV disinfection system compared to conventional chlorine-based disinfection
BUELGHINGEUHHELL - RIMRHTE R G AR N

Confidential



Design Concept Overview— Main Plant s55HE:x(1/4)
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Design Concept Overview— Main Plant :85H1#5:(2/4)

FUTURE RECLAIMED LAND DESALINATION

PLANT




Design Concept Overview— Main Plant :85H1#5:(3/4)

€

FUTURE RECLAIMED LAND

+ LOCATE WATER
TREATMENT FACILITIES
AND EQUIPMENT
UNDERGROUND

+ FREE UP ROOFTOP FOR

PIPE CORRIDOR GREEN SPACE




Design Concept Overview— Main Plant 8515 (4/4)

INTEGRATION OF BLUE AND ACCESSIBLE HARVESTING | p¢N
GREEN NETWORKS THEREBY GREEN ROOF POND
CREATING SOCIAL GATHERING
SPACES
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Design Concept Overview — Sustainability Features
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A - . .
KMEDP S Sustalnablllt De5|n Features IKE riljjgg,&n
i “. Ty b TG Beh ol ta et Ao S L The design of the KMEDP challenges conventional
: ' ' if approaches to what large infrastructural facilities
should look like.
VBV IR AN KR L R T B SRR RS Y B 704
FEH T Bk -

Designed exclusively for people, the green roof
blends into the existing environment to demonstrate
that buildings as large as these can not only coexist,
but be effortlessly integrated into an inclusive, park-
like attraction.

ANMEAERY SRR TR B AR RIRR & - LEEE AL KRR

SN AT AL 5E 52 AR A B —(E £ 5 Ry A B SR T

The Plant incorporates environmentally friendly
elements within its landscape design, such as a
stormwater managing strategy and a water harvesting
system to retain rainwater as features and recycles
water for irrigation and other uses.

ZRREREEGTHRA TRROTR, BIFRKE ERES
%ﬂﬁﬂ&%"ﬁ W%W’FWM’E?% BT IEIEWUJ\FHJ?A

EBEAT LA 2R

The KMEDP allows people to adopt the building as

their own and to ultimately understand the importance

of water as an significant natural resource in the life of

a nation.
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n Concept Overview — Dual Flow Chamber
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Artist’s Impression—Bird’s Eye View
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Artist’s Impression — Viewing Gallery Entrance
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As Built—Viewing Gallery Entrance
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Artist’s Impression— Green Roof and Promenade Area
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As Built— Green Roof and Promenade Area




rtist’s Impression—Harvesting Po
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Energy Efficiency Improvement ot

e Dual mode
« Sea water: SWRO+ Low pressure RO (LPRO)
« Reservoir water: LPRO

* Direct coupling

« Split permeate

* Energy recovery device

* Variable frequency drive pump

A=COM




Process

* Intake passive screens
 Dual flow chamber

* Dissolved air flotation (DAF)
* Micro strainer

o Ultrafiltration (UF)

 RO: SWRO and LPRO

* Post treatment (i.e., UV, mono-chloramine, lime, CO2, Fluoridation)

' Keppl Seghers A=COM



Sea Water Mode

SEAWATER

INTAKE
FEED
PUMP

RO 2ND

PASS

FEED

PUMP BACK

i PERMEATE
FRONT BWRO
PERMEATE CONCENTRATE 10

RECYCLE PRODUCT

| WATER

’ ) NETWORK

ULTRAVIOLET PRODUCT *
POTABILIZATION WATER PRODUCT

TANK WATER

DISINFECTION PUMP

S

Seghers A=COM

Solutions for a Cleaner Future



Reservoir water Mode

RESERVOIR
WATER
INTAKE
FEED
PUMP
RO 2ND
PASS
i
PUMP BACK
PERMEATE
FRONT BWRO
PERMEATE CONCENTRATE 70
RECYCLE PRODUCT
WATER
Y NETWORK
ULTRAVIOLET PRODUCT %
POTABILIZATION V¥PATNIE(R PRODUCT
DISINFECTION VgﬁTwEPR
g

Seghers A=COM

Solutions for a Cleaner Future



Direct coupling

CONVENTIONAL UF - RO CONFIGURATION

0 BAR
2 BAR UF 1BAR |UF FILTRATE 4 BAR |CARTRIDGE]| 3 BAR ﬂ’ RO
P J———> EEm—— P
TRAINS TANK FILTERS TRAINS
UF FEED RO FEED RO HIGH
PUMPS PUMPS PRESSURE
PUMPS
DIRECT COUPLED UF - RO CONFIGURATION
NO NEED FOR FILTRATE TANKS,
4 BAR UF RO FEED PUMPS AND CARTRIDGE FILTERS 3 BAR 67 BAR RO
P > » P ——>
TRAINS TRAINS
UF FEED RO HIGH
PUMPS PRESSURE
PUMPS
eghers AZCOM



Enhanced Engineering Process — 3D BIM FoiE T #8555

Ultraviolet disinfection (UV) and
Product Water Pumping System

.
v

MEDP - OVERALL MAIN H

t/' -— !\

Viewing gallery (level 1) -
Control Room + MCC (Basement) —

-

@Dissoived Air Floatation System

Ultrafiltration (UF) System SWRO System BWRO System UV and PW Pumping System
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Conclusions

KMEDP provides an environmentally friendly community space
KMEDP includes sustainable features in landscape

KMEDP with capability to operate in both sea water and reservoir water mode
KMEDP utilizes direct coupling to save more energy

KMEDP provides highly efficient energy recovery devices (ERD) for the 1st pass
SWRO system

« KMEDP utilizes the split partial configuration hence reduce pumping costs as
well as reduce the capital costs of the plant

« KMEDP uses micro strainers as pre-treatment before UF and RO systems
* High-power consumption pumps are equipped with VFD

Seghers A=COM



Video

' Seghers A=COM

Solutions for a Cleaner Future
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Main Goals of Desalination Plant Design

OSafe working conditions for staff
OEnvironmentally friendly operation
OKeeping the RO membranes clean
OLow power consumptions

OLow water cost



Chemicals in Conventional SWRO Plant Design

Intake

Pumping Station
| Backwash

Pretreatment Waste

%—

HP Pump
Energy Recovery System

Reverse Osmosis

Brine

| Waste

Post-treatment Q D>>
*

Water Delivery
—




Super-saturation of Oxygen in Seawater

Used in pretreatment for safe and environmentally friendly operation

Glucose

sunlight co,

ATP
: N CYCLE
HADEY H0

Light-dependent "

reactions occur

in thylakoids. Light-
independent
reactions
(C3 cycle) occur

in stroma.

end product = glucose

High concentration of
oxygen and glucose
in seawater due to

photosynthesis




Media Filtration

O Bacteria consume nutrients and oxygen

DOC 1.0 ppm

Anthracite

c
@
o
>
X
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O
o

2
o
N

A

o

Dissolved Nutrients

3 ppm DOC 0.3 ppm
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Pressure Center Design

Low power consumptions, low water cost achieved by Pressure Center Design

Ashkelon 400,000 m3/day Hadera 500,000m3/day Sorek 600,000 m3/day

Q@) 2 IDE .

o | Partners

6 | ¢ Technologies




Conventional RO Plant Design: membranes, pump, motor, ERS
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Pressure Center Design
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Keeping RO Membranes Clean

OPhysical methods instead of harsh chemicals

ODirect Osmosis High Salinity - DOHS

and

ODirect Osmosis Cleaning - DOC

- Your
Water
Partners

Technologies |~ =



Normal RO Process

PGr 65 bar

i POr 45 bar |

POp 0.1 bar
PGp 1 bar P TR >

NDPro, = PGr-POr-PGp+Pop N
NDPg, =65—- 45 -1 +0.1 =+19.1 bar



DOHS - Direct (Forward) Osmosis High Salinity Osmotic Backwash

PGr 65 bar

Feed POr 45bar

PGp 1 bar Pop 0.1 bar
Product
NDPy, = PGr-POr-PGp+Pop
NDPgq =65- 45 -1+0.1 =+19.1 bar PN
NDP po o) =65-100-1+0.1 = - 35.9 bar f 5))
R/
N /4

USA Patent 7658852; Israeli Patent 169883; Singapore Patent; 153812 Australian Patent 2005254337;
Patent GB 2519880; PCT/IB2015/055665; W0/2016/024179;



Osmotic Dehydration of Bacteria

bacterial
flagellum

capsule

ribosomes DNA plasma

cell wall
membrane

USA Pat.7,658,852; Australia Pat. 2005254337; Singapore Pat. 153812 Israel Pat. 169882 GB Pat. 1414263.2 GB PCT/IB2015/055665



Frequent removal of particles before a strong
Van der Waals interaction is created with the surface

van-derwallséﬁn\%/p
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100
Time [hr]

1000
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RO Membrane Direct Osmosis Cleaning




Pulse Flow RO Technology Implementation

OIn wastewater applications allows:

OChloramine free water reuse desalination
OUp to 95% recovery in single stage operation
OHigh flux operation 28 LMH

0100% transmission of UV light

020% saving in water cost

OlIn brackish water applications allows:

OExtremely high recovery operation



Conventional RO T |
Brine

Permeate

Pulse Flow RO

Permeate

<)



Conventional RO vs Pulse Flow RO

Continuous brine discharge Brine discharge in pulses
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PFRO can reach significantly higher
recovery than conventional RO

Saturation

»

Induction time
q Cou 032 Car2C03-2
X

0 Casp Ca+2 cart gCa+2 O% [ate C03.0  Ca2C03-2
0 IR a g9 009 20120032 Cas200-2
o n 0 !

ARLEE Q 0%, g 3 e 2 8292 Ca+2003-2
032 o Ruo V@ B2V 00420032

O C V) ? Od) O'b' C (b 32
0 0y, w2 T2 cace:
2 ") % & % ¢ 8+2003-2 £a40003-2

G 02 ar0[Cat2C03-2
O ) Yo% o Ca+2003-2
o ' w2 0 9003 can00n0
O cx 0-003@2 ) "
C03-? éb ()O,QW 2 a+2003-2 Ca+2C03-2
&0 &[0, canc0ss
1t Elements 31 Element 6 Element

Hard
Scaling

CaC03 CaC03

CaC03 CaC03
CaC03 CaCO3
CaC0O3 CaC03
CaC03 CaCO3
CaC0O3 CaC03
CaC03 CaC03
CaC0O3 CaC03

CaC03 CaCO3
CaC03 CaCO3

rJ d i\\\‘\
CaCof Fﬁ);;‘) )
x % /, /

2

Membrane Elements in Pressure vessel



In conventional RO the
Induction time is endless

Saturation
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Pulse Flow RO
Higher recovery

Saturation
PFRO
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PFRO Wastewater Demonstration Plant. Pismo Beach CA

OUnder the supervision of Carollo Engineers Inc
OThe source - secondary effluent, municipal wastewater

O86% recovery, no chloramine dosing

) )
< V4 /

)
’))



PFRO Brackish Water application
City of Abilene TX

O  80% recovery over final City brine

N
'\A\\\\)’v
)]

/’/

N




N

PFRO Demonstration Plant Abilene

OBrackish water application Saturation Graph

O80% recovery over final City brine

% Saturation

<)

Scaling Indices

CaClOs CaS04 BaS0O4 5Sr504
Conc. Untreated  222.30 409.17 51632 40491

CaF»
5249




Technologles

Recovery (%). Abilene

ABILENE HARGESHEIMER WATER TREATMENT PLANT PULSE FLOW REVERSE OSMOSIS (PFRO) — FINAL REPORT — REV. 00
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Specific Flux (GFD/PSI) Abilene

ABILENE HARGESHEIMER WATER TREATMENT PLANT PULSE FLOW REVERSE OsMOsIS (PFRO) — FINAL REPORT — REV. 00

NORMALIZED SPECIFIC FLUX (GFD/PSI)
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Figure 11: Specific Flux vs. Time



Product Conductivity

Product Conductivity (uS/cm)
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