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Context & extraction approaches.
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Increasing the Power density.
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The importance of the capacitive layers.
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BACKGROUND

Energy context &
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Blue Energy

A.Siria et al. (Nat Rev Chem 2017)

Credit: google

Brackish water
D (ceturned to source)

AGmix mlx (GL + GH)

Amazon river

» The total dissipated Power =~ 2.4 TW (J N Weinstein et al. science 1976)

Pressure
retarded
0SMosis

Diffusio osmosis

Reverse

electrodyalisis Accmixing
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Pressure retarted osmosis

Power

Pressure Exchanger
Brackish
water
PH PRO unit PH
Sea Water
water filter
Membrane Brackish
River 77 / water
Water .
water Ijg filter H,0 H,0 H,0 Turbin

Van't Hoff

Pross = (AV + VAP  with AP = Py

A.Newby et al. (acsestengg 2021)
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Reverse Electrodialysis

Y. Mei et al (J. desal. 2017)

Membrane (+)
Membrane (-)
Membrane (+)

\Red

2
Donnan Potential :> p = Eems Rioaa <: Internal resistance
(RCell + RLoaal)2

aRT ay Rcet = Ropm + Rac + Rpy,
Eems =— 1 log (a—L) l}

E? Ropm = Rc, + R¢, + Rygm

emf

4Rc.p
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Accumulating mixing

y
Pgross = j(E(q)dq
S
q
CL< CH E = =
\ C
CAPMIXING CAPACIVITE DONNAN BATTERY ENTROPY
POTENTIAL MIXING
La Mantia et al. (NanolLett 2011)
E( River Water é’:
Bl Activated carbon | E
Il current collector  [] CEM
I spacer [ Aem
» External charge » Donnan charge » Pseudo capacitive electrodes
> capacitive electrodes > capacitive electrodes
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Diffusio Osmosis

1.G t al. I12019
A.Siria et al. (Nature 2013) ao etal. (sma )
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: > P ‘\E 106 é_ ref 12
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= i ref 11
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o 10%F entering
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= E | o
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How to extract more energy
?

Y J
v, v
V, s
5 150 &

Centimeter-scale membrane No chemicals (low cost/safe) No external Charge

x Diffusio osmosis x RED x Capmixing
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Capacitive layers

AC
Adapted from P.SIMON (2014)
Carbon & -
Coconut Powder \ poe”"

¥ Activation -
: Activated

carbon

5-10 ym

@ @ Macropores : > 50 nm P

f\
2> ~ 1700 m?
@@ ) Micropores : <2 nm d e
. Mesopores : 2 nm - 50 nm

+ PVDF

__?_?__
H F

Credit : google

layer

! |

mage | curr ] dwell HV pressure HFW }7 500 pm
75x [ 0.11nA 10.2 mm 00ns 5.00kv 1.00E-3Pa 2.76 mm
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The Cell Potential

1 Potentiostat

Membrane potential - o Cell potential

concentration concentration

Ag/AgCl
electrode

Cell

Cell

[ Em = Eqap2 — EagjagcL J [ Eqap1 = 2 Egcy }
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The EIS

I Potentiostat
’ Low
concentration

Cell

High
concentration

Hardware

E = Eysin(wt)
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raw wawaAs

Software

_ Epsin(wt)
Z(w) T Ipsin(wt+)

Z(w) = Z'(w) +j 2" (w)

Electrochemical

=-Z"

| ®

I

ZI

Nyquist diagram

a4 0 —i¥

R - €

R

Equivalent circuit
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Direct current

Cyclic voltammetry chronopotentiometry
a) b) ¢) a) b)
I(mA) I(mA) I(mA)
I(mA) AE(V)
— M 0cy
PE L ] kv L—\ / E(V) ijfffffﬁ_'_'_'_'__'fﬁﬁ_'_'_'_'_'fff_'_'_'_'_'_'ffjjjjff_'_'fff_'_'_'_'_':f o i
AEqy
0Cv
t(s) t(s)
[- The nature of the Electrodes ]
B [At
C = i — Ldt AEcell
% é\E
C=— AE = I.R
AE
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0. | CHARACTERIZATION OF THE




Voltage measurement

EOCV <0

Potentiostat EDL formation

(Capacitor)
(t(0))

$

Electrons stop

| Capactive

L5 g moving
S B L
L8 S 9
. —
38 53
() RS
No current
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Open circuit Voltage

100g/L Vs 1g/L

)

)

g0
o | o Com it

_02 ! i -circuit SWIte

-0.4 E——

0 100 200 300 400 500
Time (S)
[ Eqap1 = 2 Egcy }
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|} 1 1
250 = . .° F
1 Em = E:ddpz - E:Ag/AgCL
200 = 7 F ) RT (aci;
X 7 with EAg/AgCl = _Tln o
S 150+ M L © E, forC,<0.5Mol.L? :
= Ll ® E_forC,>0.5Mol.L?
- s o E
100 = ) - ocv
C@ o 7”7 Qo e © .. — RT ay
' 2F '\, 1
50+ O,%. » z ar EEddpl = Eocv = Ec + En
@. RT a,
O'I( . : y . with E,, = aﬁln (E)
0 50 100 150 200

%111(22—22’)(111\/)

» At high concentration a starts to vanish.

» The open circuit potential is doubled.

» E. is stable even at high concentrations
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The Potential modeling

itern 1 1 1 1 -
ayer | - 7 k
200 p
Apstern | . _
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*¢
/
e ," Gouy Chapman Stern
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A !
dou _ 0Ost
Apy =7 +Pa— ¢
50 100 150 200
E(mV)
2
ose = —0.12C/m _
> COO~ attracts the Na* lons
a) Befor b) Aft . ]
R N creating Nernst behavior.
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107 x10°
45 . 403 i ;
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1000 500 600 400 200 1000 00 600 400 200
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The EIS

a) ] ] ]

Midrange & low frequencies High frequencies

« The equivalent series resistance
(ESR).

« Ion transport from the bulk electrolyte to -
the porous electrode

n T T I I b) | I I I 1 L
60—0-1gl * 100-Tgl #°30-Tgl i | = 300-1 gL' * 100-1 gL' > 30-1 g L] ¥
- T4mHz=,, " |~ 4 ’:”},’_
NE / 2 I NS A ” ”
FEPE
q 40 _ F ) ;’ 4 B I C-;: / " J
- #2937 mHz e r ik
- Ly ’," ' _ 24 .f %" B
gzo _ ,’ﬂ’;,’. = I E 62 5 kHZ l." .ﬁ
Nl z "! ” ’ I N B [
| \ ’..-".
! 0 T ,l .,. % B
0 #7200 kHz - v
I : T — | | 1 |
20 40 60 4 6 10, 12 14
2 I Z (Q )
ZRe( () .cm”) |
[
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I
[
[

« A dominant capacitive behavior. « Charge transfer resistance.




The impedance modeling

Cy =300g/L vs

C) 30 ] ] ] -
41g.L
47.8 mHz y
o °3g.lL <o
< 20- s *10gL"’ Do
5 s “30g.L"" <Ny
o ¢ 4 =100 g.L™" e
—_ 101 . —— ~§i
0_ - -:°: X }) v.a
5 10 / N

Collector felt Capacitive

Membrane |

5

3

2
Nater layer

Contact
felt- collector
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The impedance modeling

100g/L Vs 1g/L

E'+ A. Kuo (Environ. Sci.: Water Res. Technol., 2020)
~ 40 Rer D w0 Yatian Qu, (Environ. Sci. Technol. , 2015)
o [ A !
' Ocr
= —n—ﬁ—m— )
Rs Hs ZI'I
g Qcr Zpores g R,FP.o
£20f re TR T
N_ =g : 'l'e dx :
1 g : (—;‘Wr i vY¥ I Yy T gg‘Wl :
1 _-"l;dx T T T I
0 20 40 60 \ .
Z, (Q.cm’ ' n ez
Re (€2.cm™) R,y R, (Re(Z),
E | | J
0o N | | ,"
ZRe = Rs = Rfelt + Rcollector + Rmembrane + Rls : : ‘f
; -
Z8:° = Rg + Rer + 2% — >
Z70-0 — L
m CYU
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Cyclic voltametry

100 g/L Vs 1g/L 300g/L Vs 1g/L
7 2 mVst i 7 2 mV.st
)
< I
01 - E0 :
2 L D - v
06 -04 -02 0 02 04 -0.5 0 0.5
E (V) E (V)
C:O,87F C:O’95F

» Capacitive behavior

> C(F) x c;(mol.L™1)
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Chronopotentiometry

100 g/L Vs 1g/L

0 50

100
Time (s)

IAt
C=-—=084F

AE
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150 0

» Capacitive behavior
> R~=~Z0

> C=~z8°

Time (s)

AE
R=T=24Q
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The flow rate

100g/L Vs 1g/L

v 5 mL/ min
—10 mL/min
- 12 mL /min

15 mL/min
==20 mL/min

ey
b

0

100 200
t(s)

300 400 500

v 5 mL.min"' 5

—10 mL.min'I
=12 mL.min'I

15 mL.min']
-1

—=20 mL.min

-

4 8 12

40
2
ZRe (2 .cm”)

» Time to reach the E,. () depends on the flow rate

» The ions transport inside the pores is modified.
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Solutions effect

Other

. 2 fepoe E”‘:k“ @ Morigolian Plateau lakes Ca
e Lakel Aksehir

I\gono LaLkek ‘.Gyeat Salt Lake. Lagunas i ® ®lseUmiat  ®lopNurlake 24

ens Lake N WalkerLake de Cadiz See® .A:—i Istada Lake S 04.
Sambhar Salt Lake
Lago Cuitzeo @@ Lake Chad M +2
LagoTotolcingo °

® Lakes Bogoria
and Nakuru
.
Lake Oponona

Lake Corangamite @

W. Wurtsbaugh et al. (ngeo 2017)

Cl~

Artifcial sea water
100g/L
ASTM D1141-98

salinity.oceansciences.org
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| ’{j:oo kHz

500 1000
Time (s)
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|
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20 40 60
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25 ¢ (%)

o N A N O N DB O ®

AE; /AE;

[Ey
o
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Temperature

40 60

T (°C)

100 g/L Vs 1g/L

25 ¢ (%)

Rr /R

40

30

20

10

-10

-20

-30

-40

10

.Rwﬁo

]
40

T (°C)

» 2 lons transport inside the pores

» 2 Ions mobility
» 2 Conductivity

Rw—>oo
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E._ .2
Cell Pmax emf
I—-=-=-=-=-=-=-=-=-=" | 4‘Rceu
I I
E
: Ie ™ Reen :
' L L ! Y — S
| | . o mC=lgL”
e ———] ' — g ®C=10gL"
(\']E 41 ' ' C,=30gL"
B’ * C =100 gL
p . ~ ° .
otentiostat é 9 L e
[al [ |
® | ]
* AN P,a, for hypersaline solutions 0 : —_—
10° 10?
CH / CL
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The efficient Power density

T =205, Rpqq = 10 Q

2) 0.05]
—_
=
P) (-
e =
g 0
S g
@
<__Current -0.05 , \ ,
Gasket > collector 0 20 40 60
Capacitive Pump t (S)
layer Membrane _ _
Carbon b) T = .240 s, RLo.ad = 10£.2
felt ea o1l
water o ’
>
p—
=2 0
o
—
R_iver m _0 1
water ’

0 200 400 600
t(s)

S=2,24 cm? | C,=100 g/L|C,=1 g/L
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])

(W/mZ )

£ross

it
T~

The efficient Power density
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30g/Lvs1g/L 300 g/Lvs1g/L
: . . 2.5 - , -
- o
P’;}:‘:b ‘:: =~ i IE}: \'*--
P” REYGRENGL TN ~ 2 AL
~ e [N _ ~
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~ ~pe D_‘ -~ > —
--._______ 0-5_1\ AT R t ‘
~-ay "’*"-»_, 0 Load()
. . . . 0 ettt S
0 20 40 60 80 20 40 60
Load (1) R, (Q)
100 g/Lvs 1 g/L
' ' ' Period
T=10
P\»f.‘;k -b‘T:ZOZ EC & Em RCell
o SPER ENS T=44s
BRI e SRR +>T=60s '
= B P h__"\-.__‘:-.__: -5 [PT=90s
= / ~- - PT=1205s
i ¥ S~ lpT=240s .
£050 . ] » The concentrations
=11] ~ . P
A "o R > » lons transport's inside
T > the pores
00 2'0 4'0 6I0 8I0 » Time constant
() » lons generation
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Power Modeling

Equivalent Model

]
~
—
=
15
~

— Potentiostat

Cell I ‘

q(t)
Eocv = (Rpoaa + Reen)1(t) + o

dq(t) = I(t)

Power modeling

2.5 T=240s 2.5 T=120s
2 o2
& £ ® 300
2 1 2 1 © 30
ﬂﬁn m& — Model
05 //\ - 0.5
0 0
0 20 40 60 80 0 20 40 60 &0
Rlnad (Q)
2.5 Q
2
&
% 1.5
g 1
A,
0.5 R
0 @
0 20 40 60 80 0 20 40 60 80

Rload ) Rload (Q)

» A good match at long periods
» Time to fill & develop the potential is

estimated X
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Power Modeling

Equivalent Model Power modeling
3 3
T=240's T=120's
Potentiostat (= 2 2t /7N @ 300
a i \ © 100
E T . @30
2 1("’"\\ 1/\ — Model
— ‘é o"“r—f » 0//‘_‘\.\
QB 0 50 100 0 50 100
Rload ) Rload (V)
LC
B 1
Cell . T=60s 0.8 T=20s
e 2lf 0.6
E P 04
g \ 021 SN
i q() L Oﬁ‘\‘\ O\M
ocv(®) = (Rioaa + Reeu®))I1(8) +—= - =5 e 5 s 100
Rload (Q) load (Q)
ooy (6) = 202D Foa () _ e > A perfect match with R(t)
Reoy(t) = Reogy(00) * (1 —B e ) » B is equal to 0.9 and 7 =30 s for

all the exieriments.




Power loss

150 ! L :

—_ an
S -
] . == L
2100 -
£ e Syringe
: 50 - e .
0 . T : Pressure controller
0 2 4 6

Q (mL s Cell
[ [ ] 1 Ié 1 AP — RhQ

—_— 1.5' I, I~ RhQZ
(}]E ﬁ,’ Poss = A

- i NI/

0.5 . !
= B q for Q = 10 mL /min

L Pioss = 0,23 W /m?
0.1 02 03 04 05 (058 /
Q (mL s
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The felt thickness

S=2,24 cm?| C;=100 g/L|C, =1 g/L

6 mm 2 mm

a) 1 ' ' - =] b) 15 -
-PT=20s LTI
R D, ke T=30s
S~ ;! D’L‘:B\ D> T=60s (\]A e T= 505
N S DB DI -D-Ti 925 ‘ R i 150
E 1 g’,’ D‘\\\D\\‘F. - . _?‘T: 1_0% E 1 ,;e‘e_s<, e N"—‘_::"_ '''''''' o [-6-T=180s
e ! i L — = R s g7 , ltteaeg e T=2405

B 3 e s b B i R °

\_?ﬁ .. : & S \_10 ng:“ b B ‘
o Tieg e 8 g0 i
£0.5 805} Heal
a e B v “e.
b (ol . N
‘D‘\ --------
W i = | | TR e, 9
_____ : | ,
0 . 0
0 20 (9)60 20 020 L4060 8
Load Load

= The gross power density is barely affected

= The Power loss is 3 times bigger in thinner felt
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Membrane length (surface)

1g/L

C,=100 g/L|C,

Co-flow

Cross flow

Ll
N
(=)
N
N
o
Lo |
N
(=)
Lo |




R

J
v, v
V, s
5 150 &

Membrane length (surface)

C,=100 g/L|C =1 g/L

— — 2 —
S = 5,25 cm?2 S =224 cm S =1,07 cm?2
R I I B
l ’5 ' ' ‘ T=10s _'“.T.i 20 —_ T=44
b T=205 ~ 1_.1\ :{'zgs ol S, o o160
=445 o X - L =g
- A% =y -0 E 04 e beuet
o ,’P,,’b\\a:;.\ -> T 905 = AN —»-1:122405 a P e
g 1 g"/ ‘D’\:\;“* -> 138; 3 X "\\‘ Z /’g‘ e N -6 T-360)
z  |° I RCYPR AN s g
<, “ N N £021 e
8 - S:D LN \.\ --._h‘“‘: p-‘cn /’wz’a'ﬁ he]
'530 5 b ~. e =l L \‘-,\1‘» . T gl,ﬂ
[aW ‘%D > Yoy, e g 0 2:0-9"9---g---q- - Qrcmammeoo
S P e ot St e
SRR 0 0 20 40 60 80
0 T ““““ S 0 20 40 60 80 R ( )
| Load
0 20 30 d (Q)()O 80 RLoad (Q )
0a

« The time to fill the cell depends on the membrane length

« The power density is barly changed for the crossflow

« The CP is more important in co-flow
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The flow rate

Stainless steal
endplate
Current collector
| Cy spacer

C, spacer

S=1,07 cm?

C,;=300 g/L ;
CL:].O g/L « out1| | CD 5 | ] out2
» ina ] ) 12

D=10 mL/min D=20 mL/min D=30 mL/min

1 ' T=10 1 5 | -
08 . — . . T=10s
B b N o __;"\‘ = S~ T=445
— Rt R c} }-322 ~ ;P "“*‘\—_‘-“;—-::__,-—_,.__-_‘_8 -g-;:gg ,\I] I -G T=60 5
ol ‘ - = I ; BT N 6 T= RRRTI -G T=90 5
= 0.6/ o o ®Tbls g 0P ps - T-120 £ 1 2 o T-120s
Ry ¢' P“'—_'_'_-_'-_—_—.--—':’::;'_:—---n -6 T=90s . i ”0’( ) T=240 : ~§, ,G'---—-f--—-__:;:::,_q__ T=240 5
S 4 I g 4
H T=2405 05 /.7 R Ll
0 4 _d ; p— oy —
N P@;{-, %. \./w ?'5’@‘8 " ¢ o @’.O“
7 ¢ N . /
2 9 8w 8 80.5 4 e
E Qg’ 8- g — Gp - oo
5 A © o) of 2
o 0 2 | “-0 D—! g [a W of 0
o e °
~0

0 5‘0 100 0 50 100 0 50 100
RLoad ( g ) RLoad ( Q) RLoad(Q)

lon transport /7 p
7 Flowrate =) Rjc (Polarization) \ —> Fgross 4
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Temperatu

T=25 °C

re

S=2,24 cm? | C,=100 g/L|C, =1 g/L

T=10s
->T=20s
T=44s
->-T=60s
-b>-T=90s
->-T=120's

T=10s
-G T=20s

T=44s
-G T=60s
-G T=90s
-G T=120s
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General conclusion

- Attaching tailored capacitive layers with
charged surface to the IEM membranes

double the potential.

 The capacitive layers can be used in

hypersaline solutions.

 The transport inside the pores controls the
impedance.
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General conclusion

- A tradeoff between R, ,R..;; and C must be
carefully optimized to maximize power

generation.

« The CP is inherent of all membrane separation
processes and can be reduced by using the

appropriate flow.

« A Net power density of 2 W/m2 is achieved

using a 300 gradient.
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Outlooks

0.2
0.1

ddpl (V)

M -0.1
-0.2

CoULD WE INVERSE THE CAPACTIVE LAYERS CHARG
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Time (s)

2000
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1

-Z.

150
100} m"/
,’4 nﬂ,-”
)
”l "ﬂp‘ﬂ 'g 5 10
o
0 50 100

2
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E?
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E(V)

"[— Before the switch
—after the switch

50 100
Time (s)
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Outlooks

Could we add capacitive layers inside the cell between EIMs?

P2 PcH PH P PcL P1

Cy

Electrode (2)
Electrode (1)

Capacitive layer

S
D
)
<
—
D
.Z
=
>
S
=
<
@)

S

~

If Yes If No

£
<]
= ko]
§ 2 C, Output C, Output
w o O g B @ 3
85 £ 3288 o 3
Egt 28: g &
85 3 Jvwo 3 U
i g -9 — o~ _ —
(=] —
gz 8 s CuInput — <] ¢, Input
S ||o ] <
Out 2] H ] I [ ] Outl C, Input 3 <] C, Input
In1[ ] i T2

L U - C,, Output C, Output
RED stack Design
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