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SUMMARY
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S1. Transient effluent concentration curves of cations in K*-Na*-CI" solu-
tion with and without considering excluded ion volume effects

Transient effluent concentration curves of cations with and without ex-
cluded ion volume effects during desalination in (M)CDI are displayed in
Figure S1. In K*-Na*-Cl- solution, CDI approaches equilibrium within 400 s,
which is almost twice as long as MCDI. However, Ca?*-Na*-Cl- solution takes
longer time to reach equilibrium due to the competitive substitution of Na*
by Ca? even after electrode saturation is achieved. Transient effluent concen-
tration curves with and without considering excluded ion volume effects
have negligible differences in both CDI and MCDI. The transport and adsorp-
tion rate of K* is a bit faster compared to that of Na* in CDI but is almost the
same as that of Na* in MCDI. This is due to the equally enhanced transport
rate of both cations through IEM due to the same valence of K* and Na*.
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Figure S1. Transient effluent concentration curves of cations in K*-Na*-Cl- solution
in CDI (a) without ion excluded volume effects, (b) with ion excluded volume effects
(C =1.25); Transient effluent concentration curves of cations in K*-Na*-Cl- solution in
MCDI (c) without ion excluded volume effects, (d) with ion excluded volume effects
(C =1.25); Transient effluent concentration curves of cations in Ca?-Na*-Cl- solution
in MCDI (e) without ion excluded volume effects, (f) with ion excluded volume ef-
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Time, (s)

fects (C = 1.25); Applied voltage is 0.3 V. Feed concentration of each cation is 20
mol/m?.



Membranes 2021, 11, 231

30f9

S2. Transient effluent concentration curves of cations in Ca**-Na*-CI solu-
tion under varying applied voltage

The simulated transient effluent concentration curves of cations in Ca?-
Na*-Cl- solution under varying applied voltage of 0.1 V, 0.2 V and 0.3 V dur-
ing desalination in MCDI are displayed in Figure S2. The adsorption of both
cations increase with applied voltage due to the increased adsorption capac-
ity of the electrode. The adsorption amount of Ca?* is much higher than Na*.
The effluent concentration of Na* goes slightly beyond its initial concentra-
tion when electrode saturation is approached, indicating the occurrence of a
competitive substitution of Na* by Ca?. This phenomena is more significant
under a higher applied voltage.
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Figure S2. Simulated transient effluent concentration curves of cations in Ca?*-Na'-
CI- solution under varying applied voltage of (a) 0.1V, (b) 0.2 V, and (c) 0.3 V during
desalination in MCDI. The adjustable variable C is set to 1.25. Feed concentration of
each cation ion is 20 mol/m?3.

S3. Transient effluent concentration curves of cations in Ca?*-Na*-CI" solu-
tion under varying initial concentration ratios of cations

The simulated transient effluent concentration curves of cations in Ca*-
Na*-Cl- solution under varying initial concentration ratios of cations during
desalination in MCDI are displayed in Figure S3. The initial concentration
ratio of cations is tuned by adjusting the feed concentration of Ca?* from 20



Membranes 2021, 11, 231

Ca®*-Na"-CI solution in MCDI, cy," / cc.’ =1

30 :

mol/m? to 2 mol/m? and fixing the feed concentration of Na* at 20 mol/m? at
the same time. As the initial concentration ratio of Na* to Ca?* increases, the
adsorption amount of Na* increases, while the adsorption amount of Ca?* de-
creases. Meanwhile, the competitive substitution of Na* by Ca?* slows the re-

turn of Na* to its initial concentration.
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Figure S3. Simulated transient effluent concentration curves of cations under varying initial concentration

ratios of cations at (a) cna*o/cca®0=1, (b) cna*0/cc?* 0= 2, (c) cna*o/cca0=4 and (d) ena*o/cca? 0= 10 in Ca?*-Na*-Cl-

solution during desalination in MCDI. The adjustable variable C is set to 1.25. Applied voltage is 0.3 V.

S4. Transient effluent concentration curves of cations and anions in MCDI
when softening industrial cooling tower blowdown water and domestic tap

water

The simulated transient effluent concentration curves of cations and an-
ions in five consecutive cycles containing Na*, Ca?*, Cl, NOs and SO# under
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varying water recovery from 0.3 to 0.7 in cut-off CV mode MCDI for softening
industrial cooling tower blowdown water are displayed in Figure S4. A full
cycle includes a desalination step followed by a regeneration step. In this
study, the regeneration of MCDI is the result of short-circuiting the cell.
MCDI reaches quasi-steady state within five consecutive cycles. Water recov-
ery is tuned by adjusting the operating time of regeneration step and fixing
the flow rate for both desalination and regeneration steps. As water recovery
increases, the desalination capacity of MCDI decreases due to the incomplete
regeneration of the electrodes, causing decreased adsorption of all ions. The
effects of fraction water recovery on ion adsorption are more significant for
monovalent ions compared to divalent ions.
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Figure S4. Simulated transient effluent concentration curves of cations under water recovery of (a) 0.3, (c)

0.5, and (e) 0.7, respectively, and anions under water recovery of (b) 0.3, (d) 0.5, and (f) 0.7, respectively, in
five consecutive cycles in cut-off CV mode MCDI when softening industrial cooling tower blowdown water. The

adjustable variable C is set to 1.25. Applied voltage is 0.4 V.
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The simulated transient effluent concentration curves of cations and an-
ions in five consecutive cycles containing Na*, Ca?, K*, Mg? and Cl- under
varying water recovery from 0.5 to 0.7 in cut-off CV mode MCDI for softening
domestic tap water are displayed in Figure S5. MCDI reaches quasi-steady
state within five consecutive cycles. The concentrations of ionic species in do-
mestic tap water are low compared to those in industrial cooling tower blow-
down water. So a small applied voltage can meet the requirement of partial
desalination. In this case study, the increase of water recovery also reduces
ion adsorption due to incomplete regeneration of the electrodes due to the
shortened regeneration time.
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Figure S5. Simulated transient effluent concentration curves of cations under water
recovery of (a) 0.5 and (c) 0.7, and anions under water recovery of (b) 0.5 and (d) 0.7,
in five consecutive cycles in cut-off CV mode MCDI for softening domestic tap water.
The adjustable variable C is set to 1.25. Applied voltage is 0.08 V.
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S5. Energy consumption components of MCDI

Energy consumption in MCDI include energy consumed for charging
the electrodes and pumping the flowing solution. In this study, the compo-
nents of energy consumption include pump losses, external resistive losses
and cell pair energy consumption, and are expressed as a specific energy con-
sumption (SEC) form by dividing the volume of product water.

Pump losses represent the pump energy used for pumping feed water
through the porous spacer-filled channel in both desalination and regenera-
tion steps. Energy consumption of pump is given by:

E _ Zj:d_rAPijtj
pump Qadta

Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).

where APj, Qj, and #j are the pressure drop through the channel, flow
rate, and operating time of operating step, j, including desalination step, d,
and regeneration step, r, respectively.

Pressure drop through the porous channel is given by:

_ uQ;L
KA,

Where p is the viscosity of feed water, L is the cell length, k is the perme-
ability of the porous spacer, and Ac is the cross-sectional area of the channel,
width times thickness (WxLe#).

External resistive losses account for energy losses on contact resistance
between current collector and electrode, wire resistance and current collector
resistance, and can be expressed by:

AP,

t
E _ fodlezxtRextdt
ext thd

Energy consumed in cell pairs is used for ion transport and adsorption
in the cell, and is given by:

ta
fo Vcelllextdt
Ecen = Eeps —Eoxt = Q—t
atd

where Ve is the applied voltage including the potential drop on the ex-
ternal resistance and the cell pair.
The total SEC is the sum of the three components mentioned above:

SEC = Epump + Eext + Ecenr

ext

Along with ion adsorption, part of the input energy is temporarily
stored in EDL. This energy is the maximum recoverable energy and can be
partially harvested during regeneration. This energy storage amount is given

by [1]:

M
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t
fod Iext((pst + (pD)dt
Qata

where @ is the Stern layer potential drop, and @b is the Donnan poten-
tial.

Egpy =
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