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% Intergovernmental Panel on Climate Change (IPCC)
Climate Change Assessment Report

Precipitation extremes
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Water desalination i

Desalination capacity
Thousand of cubic metres per day
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Note: only countries with more than 70 OOO—anic metres per day are shown.

Sources: Pacific Institute, The World’s Water, 2009.
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1960 1970 2000 2006 2008 2010 2014 2016
'. .'; 1'1 J'L jiL J'L 1'1 J'L
Thermal Membrane Energy-efficient
process process Process
>10 KWh/m® - 2-8kwh/m3 <1 kWh/m?
 Multiple-Effect Distillation (MED) Reverseé Osmosis (RO) Forward Osmosis (FO)
 Multi-Stage Flash Distillation (MSF) Electroc';jialysis (ED) Membrane Distillation (MD)

| - Capacitive Deionization (CDI) |

. i 5 _ Hybrid Process
1t technological | Next technological

innovation | innovation

/ B 17 B B K Z2CDIR ST
M M
Carbon Material Module Design

Fundamental

*EDL Theory * High capacitive and Scale-up
*Electrosorption | charge storage * Systemic
of ions * High desalination integrated design

performance *Pilot test
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Schematic diagram of major desalination technologies and their relative contributions
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(Membrane Capacitive Deionization, MCDI)

Without interference of Coions
Removal efficiency

Anion-exchange Cation-exchange ® o 9 g
membrane membrane ® >© D
Purified water o RE\
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+ 5 o | |©© ¢
(@]
g + § ® ©
o+ 3 Bulk \  EDL
é + g solution \‘
% 4 © Cation-exchange
S membrane
o §
4+
S B
+

Energy efficiency

: o
© Cations Salty water
@ Anions



PR B H 4L g IR EE
+ Energy Considerations in CDI

7- —=— Thermodynamics P —— 12V
T . - o5 —O— 06V
64 4 1=90% s 10.00 ¢
{ v n=85% = F
5] n=80% P . Seawater RO
o 1 =70% . -
£ 4 £ 1.00 ¢ Brackish water RO
2 £
= =
o =
()]
= 0.10
& —— @00 0.01 & Bracklsh Seawater
0 5000 10C'JOO 15(1300 20(l)00 25(')00 30(')00 35600 4001 - — = =
[NaCl)y mg L™ 100x10° 1x103 10x103
ppm (NaCl)
CDI could be competitive technology ( Adapted from Oren et al., 2008)
at NaCl concentrations below 5000 *Energy consumption (2000 mg/L salty water):
mg/L. (M. M. Anderson et al., 2010) RO: 2.25 kWh/m?

EDR: 2.03 kWh/m?3

CDI : 0.59 kWh/m3
(Welgemoed and Schutte, 2005)
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w. B % (Electrical Double Layer) =33 =

+ A charged surface In an agueous environment leads to a
potential difference across the solid/electrolyte
Interface.

v" Neutralization of space charge: counterion accumulation
v" Electrical double layer (EDL) formation
v" Electrosorption of ions

\

/

- +; D

= EDL is a very important
//t Interfacial phenomenon to
//Jr/ O many_phys_ical, chemical,
— and biological systems.
— S

\

)



+Historical development

v Helmholtz:

A single-adsorption layer of ions with
charge opposite to that of the surface

v Gouy and Chapman:

A diffuse model of EDL, in which the
potential decreases exponentially due
to accumulation of counterions from
the solution

v Stern:

Combination of the Helmholtz single-
adsorption layer and Gouy-Chapman
diffuse layer models

@ Coion % Hydrated coion
@ Counterion

O Water molecule % Hydrated counterion
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Electrical Double Layer Supercapacitor

+ Energy storage by formation of double layer when a voltage
Is applied to an carbon electrode immersed Iin an electrolyte

Charge collector
Negative Carbon active layer

electrode | = '@-@ _6-3 D @'
Separator -V
CECECNC ©

positive [+ T F T + +

Carbon active layer
electrode Charge collector

[
Agueous
Electrolyte

Pores in carbon electrode

Porous electrode with double
layer formed on the
solid/electrolyte interface.




Where Do Batteries End and Supercapacitors Begin?
Simon et al. (2014), Science

Electrochemical measurements can
. distinguish between different types of
The mte_chanlsms 01; energy storage materials and their
Capacilive encrgy storage underlying mechanisms.



+ Electrosorption process (& ¥ i)

— Electric-field-driven separation
transportation of ions from bulk solution to the electrode

— Charge separation
(capacitive ion storage as a supercapacitor)
EDL formation

+ Highly porous electrode ( % 3¢ 7 &+ 1)
— High electrochemical stability Macropore Mesopore
— Good electrical conductivity (>50nm) ., (2~50 nm)
— Good wetting behavior
— Large specific surface area

— (Good pore accessibility for Micropor
ion electrosorption (< 2nm)



+ Capacitive ion storage (EDL formation)/ and ion
Kinetics are the heart effects of CDI process.

+ Other reactions need to be minimized.

Non-Faradaic Effects

S. Porada et al. Progress in
Materials Science (2013)

—

a) Capacitive ion storage )

=
3
/3
$ A
(b) lon kinetics \
lon mobility
“\N\NH
«\/\J/OH
« "\ /\ CI
\_ <"\ /Na" j
(Cj Chemlcal surface charge \
( Cl ) %
*H oor %
3
- ,%% ':I OOH ¢ p.fi Y

Faradaic Reactions

(d) Carbon redox reactions

1 Quinone - hydroquinone redox couple

/

o
+
N
I,
+
i
o]
= I
O e = 5

---------------------

(e) Water chemlstry
Cathode

|
1 O, +2H
: | +H,0— g
1 HCI+HOCI |
: Water electrolysls
]

2H,0

- -

()" carbon oxidatio E o

Intermediate carbon
oxide forms
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+ Highly porous carbons as
electrodes:
— Carbon aerogel
— Activated carbon
— Carbon nanofiber
— Activated carbon cloth
— Carbon nanotubes
— Graphene
— Ordered mesoporous carbon
— Hierarchical ordered carbon
— Other composite electrodes

Carbon nanotube Graphene

+ Application to capacitive
charge storage



% A g (Carbon Nanotubes)

4+ Carbon nanotubes have superior conductivity, excellent
chemical inertness, and large sorption capacity

— Carbon nanotube sheets (by chemical vapor deposition)
— Polymer composite

— poly(vinyl) alcohol (PVA) ‘ .
— Chitosan (CS) Mohammadi, 2010

— Polyaniline
— AC-CNTs composite

CNT-PVA

Hou et al, 2013 Dai et al, 2006



FR @ 3k 444 (Ordered Mesoporous Carbons)

+ Mesoporous carbon (MC) are less affected by double-
layer overlapping to facilitate ion transport.

— Synthesized using a self-assembly method via soft template
— Good pore accessibility and ion selectivity

Mesoporous carbo
membrane

L ¥
= . .

{a) 2-D hexagonal (b) 3-D symmetry cubic {c) 3-D biocontinuos

Hou et al, 2008 Pena et al.. 2011
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% & (Graphene)

+ Graphene (GE) has an ideal two-dimensional (2-D)
carbon nanostructure.
— Graphene-like nanoflakes
— Reduced graphene oxide-ACs
— Graphene-CNTs
— Graphene-mesoporous carbon

Reduced GE-ACs Lietal., 2012




Fo & 34 JF B¢ % & (Hierarchical Porous carbons)

+ Hierarchical porous carbon (HPC) has a well-defined
pore structure.

— Macropores, mesopores, and micropores are well
Interconnected with a balanced ratio

— Hierarchical activated carbon nanofiber
— Hierarchical ordered mesoporous carbon
— 3-D hierarchical porous carbon

Mesopore

Wen et al., 2012

| HPC-nanofiber Wang et al., 2012



2 # 147 & (lon-Selective Electrode)

+ Improvement of desalination efficiency and selectivity
— Carbon electrode coated with an ion-exchange polymer
— CNTs with sulfonic and amine functional groups

+ Born removal (activated carbon fiber, CDI)
+ Selective removal of nitrate ions (MCDI)

Sample C-S Sample C-N

cﬂ
b .
) 4 : .‘
S0
L ¢ i 500nm

S03° S('I)a' SO soy SO3 NHs* NHa* NHs* NHs* NH:*
| | | |

o ® -
- -
oi\\s/u" HSO,
© +NaNO2 + HClw—m © t
NH,

N OH OHCOOH g4 COOH OH _Sample C o
I 7

76

Kim and Chio, 2010
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activated carbon

Car b on S BET Smicro Smeso Vtot Vmicro Vmeso Vmeso/Vtot

(m’lg) | (m?g) | (m*g) | (cm¥g) | (cm®g) | (cm’/g) (%)

Carbon aerogel 0.66 0.56 0.10 15.2

=AU 964 513 451 0.50 0.23 0.27 54.0

activated carbon

Wood activated 662 457 205 0.43 0.21 0.22 51.1

carbon

Coal 673 476 197 0.35 0.21 0.14 40.0

activated carbon

Cocshunsnel 648 571 77 0.31 0.27 0.04 12.9

activated carbon

MWCNT/PVA 208 23 185 0.71 0.01 0.70 08.6

Highly

Mesoporous 2105 850 1300 1.50 0.44 1.06 70.7

activated carbon

Highly

microporous 2162 1860 302 1.05 0.85 0.20 19.0
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+ Electrochemical characterization:
— Electrochemical impedance spectra (EIS)
— Galvanostatic charge/discharge curve (GC)
— Cyclic voltammetry (CV)

j = Platinum wire

VOItam metl‘iC U """""""" - Electrode
analyzer | U]




EIS presented
as Nyquist plot

o o
o N D

Potential (V)

\GC curve

IR drop

S O
IO N

100 150 200 250

200 400 600 800 1000 1200

Time (s)

Specific capacitance (F/g)

Z'lohm
1000mV/s ——50mV/s
—30mV/s —10mV/s
—>5mV/s
CV cun

N b
o O

Scan-rate dependence

——

Specific capacitance (F/g)

o

-03 -01 01 03 05 0.7

Potential (V)

50 500
Scan rate (mV/s)

Activated carbon electrode 1 M NaCl solution.
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+ Specific capacitance + Galvanostatic
charge/discharge

o
o

0.001 M

MWCNT-PVA
20 | | composite

i 001 M glectrode
-40 ¢ ! in 1 M NaCl

0.6 0.4 0.2 0.0 -02 -04
E (V) vs Ag/AgCl

Specific capacitance (F g )

0.1M

Voltage (V)

50

40.\.‘—.——.\0——.—.\—.———.‘.—.

30 r 1M

20 r

10 | ‘ | ‘ ‘ |
0 500 1000 1500 2000 2500

0L 1 1 1 1 Time ()
0 200 400 600 800 1000

Cyclic numbers (Hou et al., Sep. Purif. Tech., 2014)

Specific capacitance (F g )
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+ Electrosorption performance

— Batch mode
experiment

— Continuous-flow (single-pass) mode experiment

Feed
solution

—

-

Pump

-

—

CDI cells

—

—_—

—<P>

Conductivity
and pH meter

Purified
solution

—D<>

Concentrated

solution




TEmBL TR/ (T RT) R

300
+ Batch mode N
- c 250 ¢
experlment > : : ,
> E - g 8 - g g
S 100 ¢
©
C
3 50
0
< 20t
&
= 10
C
2 o
. . O -10 |
Regeneration of the activated —
carbon electrode in a batch 2 12
experiment . The solution was 2 0.6 |
50 mL, 0.002 M NaCl solution S 00|
with a flow rate of 10 mL/min. >

The applied voltage was 1.2 V 0 180 360 540 720 900
Time (min)



4800
4600 |

(uS/cm)

Conductivit

3400

4400 |
= 4200 |
4000 |
3800 |
3600 |

—> —
12V < 0y V
& COHCE\%
Purified | | | |
0 1 2 3 4 5

Time (hr)

Conductivity variation of 2000 ppm NaCl for multiple
electrosorption-desorption cycles in CDI.



+ Deionization of 500 ppm NaCl solution by activated carbon
electrodes at 1.2 VV and 5 mL/min in a continuous CDI system

2000
§ 1500 -
2
2
S 1000
©
-
£ 500 -
3 —« F-400

—e— Wood
0 . . .
0 60 120 180 240
Time (min)

v" Carbon electrodes associated with higher specific surface area result in larger
capacities for removal of NaCl from aqueous solutions.

v Generally, activated carbons operated in CDI have relatively low ion-accessible
surface areas ( < 10% of BET surface area)
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+ Desalination experiments in bath mode CDI

< 14 MWCNT/ Activated
> Carbon b
2 15 | EAV/A carbon
210 . BET surface area

= 10

S (m? g 208 964
e

S Micropore fraction

.9 6 b AnO-0660 000

g 0008 (%) 11 53

2 41 .

o ® MWCNT/PVA composite : ;

g 2 o Activated carbor Electrosorptlo_rl capacity 13.07 6.03
i 0 Pseudo-first-order (mg g*)

0 1'0 2'0 3'0 4'0 5'0 6'0 Surface utilization of 26.04 258

BET surface area (%)

o _ _ Rate constant (min-1),
Desalination of 1 mM NacCl solution using fitted by first-order 0.073 0.045

MWCNT and activated carbon electrodes at 1.2 V.

Time (min)

kinetic model

The presence of mesopores, facilitating E”er?gv\‘;ﬁ”;“rg‘)p“o” 0.038 0.155
ion transport, could be beneficial to ion
electrosorption in CDI.

(Hou et al., Sep. Purif. Tech., 2014)



+ Two stage activated method
— KOH chemical activation

temperature

Activated with potassium hydroxide (KOH) under inert gas to form
micropores accompanied with high surface area.

— CO2 physical activation

Activated
Carbon

N,

Carbonization

Gasified by carbon dioxide (CO,) to develop mesoporsity.

’ ,-“:3 Commercial
7&¥ activated
e carbon

KOH impregnated N, CO,

Activated carbon
§ with controlled

time

y mesoporosity




Electrosorption capacity (mg/g-carbon)

10 { 4 CKa00

e CK120

= w1240
fitting curve

0 10 20 30 40 50 60
Time (min)

Desalination of 0.5 mM NacCl solution

using activated carbon electrodes at 1.0 V.

Carbon w1240 CK400
BET surzfaie area 903 2162 2105
(m-g™)
Mesopore fraction
(%) 18.2 19.0 70.7
Elect_rosorptio_n 2 60 4.93 10.42
capacity (mg g?)
Surface utilization
of BET surface 0.87 0.78 1.91
area (%)
Rate constant
-
(min-t), fitted by 0.023 0.030 0.060

first-order kinetic
model

Mesopore to micropore ratio is a key factor to determine the CDI performance.
Desalination, 2015

Yeh et al.,
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+ Manganese dioxide (MnO,)/activated carbon composite as

high-performance CDI electrode

—h=AC

< 10504

M nD:MC

| L]
1

Conductivity (ps cm
=
L=a)
=

AC  AnDJAC

80—
= 0 10 20 30 40 50 60 70 80
' Current Collector Time (min)
| Nﬂ+ | 4+ |
e  Mn* Mn¥

Current Collector

Liu et al., ACS Sustainable Chem. Eng, 2016
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Continuous flow model of CDI

Conductivity (uS/cm)

— Reducing conductivity of water

j

Z it 1 Purified water
0 60 120 180 240
Time (min)

Energy recovery by reverse

CD

Current (mA)
© o

o w o o

| process
— Desalination:
energy consumption

— Regeneration:
energy recovery (>40%)

b 2/ [
'gi - g‘n% (L

P Desalination current

N

Regeneration current

0 30 60 90 120
Time (min)
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lon Test1l | Test2 | Test3 | Test4
(mM) | (mM) | (mMM) | (mM)
K* 2 2 2

+ Study the 1on selectivity during
the electrosorption process

_ 0.26
— Hydrated size
i Na* 2 4 6 10.57
— lonic charge 2
: Caz* 2 2 2 1.45
— Feed solution
Mg?* 0 0 0 2.41
%D 140 i K+ j:L
€ 120 1 === Na'
= Ca**
‘g 1001 = mg” - v’ Preferential
g 80 electrosorption :
S 60! electrosorption capacity
S a0l follows the order of
< Ca2* > Mg2+ > K* > Na+
S 207
Yoo

Testl Test2 Test3 Test4 ..
Hou and Huang, Desalination, 2013



+ Proposed processes for water reuse and recover of
heavy metals from waste water
— Ultrafiltration: suspended solids
— Capacitive deionization: ionic species

‘ UF
) Reuse
O w [
O &
© O
) 0® @ @ @ @
@@ @®©® © 5 Purified
water
@6 @ © Recovery
. —_—>
o_© A entrated
Influgnt ®® o ution
solution

Suspended Multivalent & Monovalent

solids ‘ Macromolecules @ ions QO ions




+Electro-enhanced removal of copper ions

from aqueous solutions by CDI
—Electrodeposition ( > 0.8 V)
—Electrosorption (<0.8V)

200

[HEN
a1
o

100 ¢

a1
(@)

Conductivity (uS/cm)

0 50 100 150 200
Time (min)

Removal of 50 ppm CuNQO; solution at different
applied voltages using activated carbon electrodes

Huang et al., J. Hazardous Materials, 2014

Intensity

Current (mA)

-12 -08 -04 00 04 08 12
Potential (V)
7. A2 N

—-—= 00V
1oy Cu/Cu20
2
(%2}
15
=
926 928 930 932 934 936
Cu Binding Energy (eV)

F

c
4

ISR N I

——

1000 800 600 400 200
Binding Energy (eV)
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+ Capacitive deionization incorporates with renewable
energy such as solar, wind, small-scale energy

Conductivity (uS/cm)

—— Cunductivity
O NaCl

20

40 60 80
Time (min)

10

NaCl Concentration (mM)



+ Microbial fuel cell

— Electricity generation
— Wastewater treatment e e
+ Capacitive delonization 5 A (o) 1
: )=
— Energy Sa.VIng Peristaltic pump | | le-
. Desa”nation Microbial fuel cell
Sustainable water -
treatment process 8 8
ol 0 el — oo |

Feng et al., Chemosphere, 2013
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+ Combined RO for seawater desalination (Jande et al., 2013; Minhas et
al., 2014)

+ Integrated pretreatment with CDI for RO reject recovery from
water reclamation plant (Lee et al., 2009)

~

ntration (ppm)

i il
probicen 3
250 F m [] —| R I T N L
200 |

150 ‘ '

| ‘| Ll LU

0 50 IUO l 0 00 50 00 350 400 450
Time (s)

Ultrapure water
from seawater

using integrated
RO-CDI system

Pretreatments using biological
activated carbon (BAC) and
BAC-ultrafiltration (UF)
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4+ Treatment of brackish water (Xu et al., 2008)
+ Water softening (Seo et al., 2009)
+ Producing ultrapure water (Lee and Choi, 2012)

4 Selective removal of boron (Avraham et al., 2011)
and nitrate 1on (Kim and Choi, 2013)

147 | One cycle Conductivity i 3
12 A 7\ /'qn. ol \ 1120 z L : £ -.:- °
= 10 1y ,/ % /, "\‘ / \ ,«""/ , 1100 5 % 4 o
2 8+ . " i D {s0 2 R T
S 6 | /| A | {60 2 § | o° %
T oa b | \ Lo/ | todide] 40 z - s0c0 0 4
2 J ‘ ‘k : o £
0 : ! : : 0 R
0 100 200 300 400 500 600 700
Time (min) 0
adsorption time (min)
Treating brackish water and Production of ultrapure water Nitrate-selective electrode for the

recovering iodide from water. (10 mg/L NaCl influent) selective removal of nitrate



+ Groundwater remediation (Framer et al., 1997)
+ Desalination in a remote location (Mossad et al., 2013)
+ Arsenic Removal from Groundwater (Fan et al., 2016)

Terminal

Electrosorption

of Cr(VI) on

carbon aerogel

electrodes as a

means of

remediating

ground water

Remowval

Cell Voltage
6 ppb equilibrium

|
x ' Criisvi)

at 0.8 voits

4 ppb at
1.0 volts

3 ppb at
1.2 volts

s
H

g

b1 H

H

g

3

@z

éz

35

Time {h)

10 15 20 25 30 35 40 45 50

2
........

Cell Veoltage (V)

Using CDI for
inland brackish
groundwater
desalination in a
remote location

Solenoid (SV1)
Local Water D
Pipeline v )

Pump

Solenoid (SV0)

Citric-acid tank

Selenoid (SV2) . Solenoid (SV3)

Waste water Purnified water



+ Membrane capacitive deionization (Lee and Chol, 2012)

+ Combined RO and CDI (Jande et al., 2013)

Inlet

Qutlet

Plexiglass plate

Carbon electrode {-)

Cation exchange membrane
Spacer

Anion exchange membrane

Carbon electrode (+)

Fresh
water

Brine Y

Rubber g
Plexiglass plate

Ultrapure
o~ water
CDI . / o

Y

Fresh
water

conductivity of effluent (uS/ocm)

100

0.1

0.0

conductivity of effluent {(uSicm)

=" initial conductivity = 20.2 uSicm

0.3V
1.0V

0 100 200 300 400 500 60O YOD 800 @00
time (sec)

0.01

0.1

100

100 0.01
T 50 mg/L (initial cond. = 97.9 pSfem) i
25 myiL (initial cond. = 49.4 uS/em
14 F1
/10 mg/L (initial cond. = 20.2 pSfem)
014 F 10
0.01 LN e e e B s e s 100
0 100 200 300 400 500 600 700 800 500

time (sec})

resistivity of effluent (M{1-cm)

resistivity of effluent (M} cm)



Puree (Korea)

+ Needed less energy for the desalination
process because high pressure pumps are not
required.

+ Possible to make use of solar/wind power to
power desalination units.

+ More efficient for applications (withstand
much higher temperatures than membranes)

+ Far more efficient for the energy recovery
than the membrane tech as the CDI modules
act as EDLC:s.

FLOW TDS TEST
Nleele, TYPE RATE(LPM)  SPPE(MM)  2EMOVAL  CONDITION
Ecomite-U Unit 0.03 160x160x40 > 85% TDS 200ppm )
Ecomite-M Module 0.2~2 190x160x95 > 80% TDS 1,000ppm € -

Ecomite-S  Unit/Module 0.03~2 565x650x8150 > 80% TDS 2,000ppm



EST Water & Technologies (China)

+ Large scale CDI desalination modules
— Municipal wastewater reuse (60,000 m?/day)
— Coal mine Municipal wastewater reuse (5000 m3/day)
— Low energy consumption ~ 1.0 kWh/m?3

—— Operation
........ Regeneration

v 1 5 .
= St AN § = e
Influent : Effluent
_M_D'Q|—(> SN
e’ i

fon Sand EST \
P Filter Module ‘e i~ Concentrate

B L_ow energy consumption
B No chemicals added

B Convenient operation

B |ong lasting service
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Voltea (The Netherlands)

+ Voltea CapDlI system (MCDI)

— Cooling tower

— Wastewater reuse

— Domestic water softening

— Desalination of brackish water

B Energy efficient

B Chemical Free

B High water recovery
(80-90%)

B Scalable

B Sustainable




Electronic
VWater Purifier

+ Electronic Water Purifier T
— Commercial systems: US$ 2500 ~ 12000 S
— One module: 1000~3000 ppm, 1~3.6 CMD T

US $2500  US $5000 US $7500

— Feed salinity to 35,000 ppm,
95% purification, 75% recovery

— Energy storage
— Pollutants Removed




Electronic
Water Purifier

General Specifications

Flow Size: WH-1: 500 to 1,000 GPD
Limits: TDS WH-1. 1,000 ppm
Recovery: 80%

Current: 2amps max @110 VAC,
Size: unit 16"d x 12"wx 18” h

Results

Parameter analyzed

Water source RAW FINISHED  WASTE
Calcium (Ca) ppm 3 0 5
Sodium (Na) ppm 203 40 484
Potassium {K) ppm 2 0 5
Boron (B) ppm 0.32 0.24 0.45
Carbonate (CO3) ppm 9 0 22
Bicarbonate (HCO3) ppm 393 88 919
Sulfate (SO4) ppm 25 5 62
Chloride (Cl-) ppm 63 13 148
Nitrate-N (NO3-N) ppm 0.019 0 0.032
Phosphorus (P) ppm 0.32 0.08 0.066
pH 8.08 7.26 8.01
Conductivity umhos/cm 806 170 1764
Hardness (CaCO03) 11 0 17
Alkalinity (CaC03) 337 72 789
Total Dissolved Salts (TDS) 700 149 1648
SAR 26.2 8.1 51



Electronic
Water Purifier

+ 9/7% Recovery? How?
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