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Abstract

Charge transfer and mass transport are two undgrlynechanisms which are coupled in
desalination dynamics using capacitive deioniza{obl). We developed simple reduced-order
models based on a mixed reactor volume principlechvicapture coupled dynamics of CDI
operation using closed-form semi-analytical andlydmal solutions. We use the models to
identify and explore self-similarities in the dynamamong flow rate, current, and voltage for
CDI cell operation including both charging and d&ging cycles. The similarity
approach identifies the specific combination of ¢elg. capacitance, resistance) and operational
parameters (e.g. flow rate, current) which deteemanunique effluent dynamic response. We
here demonstrate self-similarity using a convemtidiow between CDI (foCDI) architecture,
and we hypothesize that our similarity approach paiential application to a wide range of
designs. We performed an experimental study ofethdyamics and used well-controlled

experiments of CDI cell operation to validate anglere limits of the model. For experiments,
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we used a CDI cell with five electrode pairs andstandard flow between (electrodes)

architecture. Guided by the model, we performededes of experiments that demonstrate
natural response of the CDI system. We also idecefl parameters and operation conditions
which lead to self-similar dynamics under a constanrent forcing function and perform a

series of experiments by varying flowrate, curreatsd voltage thresholds to demonstrate self-
similarity. Based on this study, we hypothesizd tha average differential electric double layer
(EDL) efficiency (a measure of ion adsorption rat&DL charging rate) is mainly dependent on
user-defined voltage thresholds, whereas flow iefficy (measure of salt deficit or enrichment at
effluent) depends on cell volumes flowed duringrgiveg, which is determined by flowrate,

current and voltage thresholds. Results of experimstrongly support this hypothesis. Results
show that cycle efficiency and salt removal foriaeg flowrate and current are maximum when
average EDL and flow efficiencies are approximatgyal. We further explored a range of CC
operations with varying flowrates, currents, anttage thresholds using our similarity variables

to highlight trade-offs among salt removal, ene@yyl throughput performance.

Keywords: Capacitive deionization, water desalmatireduced order model, self-similarity,

porous carbon electrodes, performance optimization

1. Introduction

Capacitive deionization (CDI) is an emerging desdlon technology that has potential to
efficiently treat brackish water (salt content ofal10 g/L) (Oren, 2008; Suss et al., 2015). In
CDI, the ions in solution are sequestered intoteedouble layers within the porous electrodes
leaving water with lower salt content to be flushean the cell. CDI performance is known to

be significantly affected by operating conditiongcls as source voltage/current, electrode
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dimensions, cell resistance and capacitance, flewiand feed concentration (Kim and Yoon,

2014; Wang and Lin, 2018; R Zhao et al., 2013ahBazet al., 2013b).

CDI electrical charging results in simultaneousaaggon of counter-ions and desorption of co-
ions (Avraham et al., 2009). Hence, dynamics aasediwith electric double layer (EDL) charge
efficiency plays an important role in salt remoaat regeneration using CDI (Zhao et al., 2010).
Biesheuvel et al. (2009) developed a dynamic mémtreCDI to predict desalination dynamics
using both Gouy Chapmann Stern (GCS) theory andix@drmflow reactor model for salt
removal, and the study validated the model, inclgdeffluent salt dynamics, with constant
voltage (CV) operation experiments. SubsequentigsiBzuvel and Bazant (2010) developed a
non-linear mean-field theory for capacitive chaggiand discharging using ideal porous
electrodes, and identified limiting time scalesGDI desalination dynamics. Biesheuvel and
Bazant (2010) described the importance of operatidhe desalination regime corresponding to
large voltages (compared to the thermal voltageaébhieving practical amounts of salt removal,
thus highlighting the role of careful choice of tagle limits for desalination. Jande and Kim
(2013) developed a simple dynamic response mod#l analytical solutions to describe time
variation of effluent concentration under constamtrent (CC) charging. However, Jande and
Kim (2013) neglected dynamics associated with EDUsich was shown to play an important
role in desalination as highlighted in earlier wo Biesheuvel et al. (2009); Zhao et al., 2010).
Later, Hemmatifar et al. (2015) developed a higtelity two-dimensional porous electrode
model for flow between CDI (fbCDI) which was solvembmputationally and validated
experimentally. Hemmatifar et al. (2015) highligthtseveral underlying physical mechanisms
including depletion in electrodes and diffusionsipacer within the CDI cell during electrical

charging and discharging. Similar modeling effdnesve recently been carried out for flow-
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through electrode (fteCDI) CDI systems. Guyes et (@017) developed a simple one-
dimensional model for an fteCDI architecture, anghhghted the importance of developing
simple engineering models for CDI operation. Iniadd, a recent work (Qu et al., 2018a) on
fteCDI used a hierarchy of simple to complex modelstudy the interplay between charging

and transport dynamics in CDI

Most existing models and analyses for CDI discussadier have been either overly simple
(e.g., neglecting EDL dynamics, considering onlarging phase, or not involving dynamic
steady state conditions) or overly complex in scmpelearly highlight general scaling and self-
similar behavior. For example, mixed reactor modetsuming a constant EDL efficiency
irrespective of operation (Jande and Kim, 2013wbich do not separate the effects of flow
efficiency and EDL efficiency (Biesheuvel et al00®), do not capture the underlying trade-offs
in desalination performance when operated with imgryalues of flowrate to current ratio and
voltage windows (two of the parameters leadingitoilarity highlighted in our work). More
comprehensive models such as the numerical twordiloeal foCDI model of Hemmatifar et
al., 2015, and the one-dimensional fteCDI modelGafyes et al., 2017 enable greater (and
perhaps higher fidelity) spatiotemporal informatidiut these are difficult to probe to clearly
identify key parameters describing the trade-offsoag desalination depth, energy, and

throughput in CDI.

Here, we aim to capture the essential governinguayes and identify controllable parameters
for tuning desalination performance using CDI. Weus our study on CC charge-discharge
operation since it is energy efficient (Kang et 2D14; Qu et al., 2016) and has better energy
recovery (Han et al., 2015; Kang et al., 2016). Heev, results of our study can be extended and

are applicable to other operations.
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We first extend a volume-averaged model for the €Bdrging/discharging process based on
mixed flow reactor type theory, first introduced Biesheuvel et al. (2009). In addition to bulk
electro-migration transport and EDL dynamics, owdel also accounts for Faradaic losses at
the electrode surfaces and considers non-zero tmiteh zero charge. We next simplify the
model based on practical considerations, and degdeced order models with closed-form
semi-analytical and analytical solutions to evaluate desalination performanceCBi under
various CC conditions. Specifically, we obtain eegwions for cycle average and time variation
of EDL efficiency, in addition to time variation effluent concentration (Jande and Kim, 2013),
and flow efficiency (Hawks et al., 2018), all unabmamic steady state (DSS) conditions. We
identify the natural and CC forced responses ofDd €zll and its governing parameters, and
demonstrate self-similar effluent concentrationfipgs across a wide range of time-average EDL
and flow efficiencies. We performed an experimestatly to validate our models and study the
interplay between flow and EDL efficiencies in detening overall cycle efficiency and salt
removal for CC CDI operation with varying voltagedsholds. To the best of our knowledge,
our study is the first to identify self similarily CDI desalination dynamics, i.e., identificatioh
variables describing cell parameters and operdtmoraditions which result in a unique temporal
response for CDI cells. For the first time, we itifignthe unique value of these variables that
give rise to optimum values of salt removal (givealistic constraints). This includes precisely

guantifying trade-offs among salt removal, energstcand degree of desalination.

2. Theory

2.1 GCS-based dynamic model - Numerical

In this section, we describe a simple dynamic madelhich we apply a mixed reactor type

formulation of the form first used by Biesheuveké&t(2009) for CDI cells. The model includes

5
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electrical double layer (EDL) charge efficiencyesffs on salt removal and electro-migration
effects. The model assumes a symmetric and binamyalent salt with constant inlet
concentration and neglects diffusive transportdéfrthese assumptions, mass balance for salt is

given by

D$=Q(co—c)—d>

dt salt? (1)

where 0 is the volume of flow compartmentg and ¢, are effluent and influent salt

concentration respectivelyQ is the volumetric flowrate, an@__, is the cell-volume-averaged

salt

salt adsorption rate.

Charge transport from solution to the electrodesagleled using the idea of an ohmic mass-
transport layer. The potential drop across the ni@ssport layerAg, , relates to electronic
charging current density]J,, (supplied by external power source) (with units Ashp/nt)

through a mass transport coefficiegt,, as

J, = ocFAg, (2)

whereF is the Faraday’s constant. Physicalty, (units of um/s) can be interpreted as inverse

effective and approximate resistance of the satutrdghin the cell volume.

Further, we use a Gouy-Chapman-Stern (GCS) EDL temitk assume that the electrode pairs
have the same area and EDL structure (except foaldout opposite sign in the electrode
potential). In the GCS model (Zhao et al., 2018, ibnic surface charge density of EDdz, is

given by
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o=4A,C sinr(A—gdj, 3)

where, A, =(8mN, )" is the Debye length,N, is the Avogadro’s number,

As =€ [ (47EKT) is the Bjerrum length, andg, is the potential drop across the diffuse layer.

In addition, w , the number of ions removed per unit internattetele areaa , is given by
w=8A,c sinhz(AT(f%’] (4)

The potential drop in the Stern layéyg, , is related to the surface charge density as
oF =c, (AqV,) , (5)

where c, is the specific Stern layer capacity (per interlactrode area) ang is the thermal
voltage (used to obtain non-dimensional voltadges, , Ag and Ag, ). We define the total
capacitive voltage difference in the CDI cell citcuAg, , which is distributed between the

Stern layer and the diffuse layer at the two etelds as
A, =2(Ag +Ag,). (6)

Unlike the model of Biesheuvel et al. (2009), wdl \Were consider two modifications to the
mixed reactor type formulation. First, in addititmthe ohmic mass transport layer, we consider
an external resistance for the CDI cell which aatsdor resistance due to material, wiring, and

contacts.

Second and importantly, we here consider effectsmflombic efficiency due to leakage

currents. Coulombic efficiency is defined as thioraf applied instantaneous electric current to
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the rate of adsorption of ionic charge into EDLEhese two charge per time quantities differ

because charge is consumed by Faradaic chargéetraractions (often described as leakage

current). The instantaneous Coulombic efficiendy is defined as the ratio of ionic current
density to the applied electronic current denéﬂy= Jion ! Jch). The ionic current density which

can contribute toward salt removd|,,, can therefore be written as

‘]' = ‘Jch - ‘]I = Ac‘]ch (7)

on

where J, is the voltage dependent leakage current denditys leakage is typically estimated

using a Butler-Volmer (Biesheuvel et al., 2011)lafel (Qu et al., 2016) equation. In our work,
for simplicity, we will account for such Farada@stes using an effective, cycle-averaged value

for Coulombic efficiency (see Eg. (26) and Hawksle(2018)), obtained from experiments.

In CDI, electronic charge at electrode surfacdslanced by both attraction of counter-ions and
repulsion of co-ions (Biesheuvel, 2009; Cohen gt24111). At low potentials across EDLs and
for symmetric electrolytes, the attraction and fsjom of ions is approximately equal at each
electrode and so accumulated charge results iremoval of salt (defined as anion and cation

pairs). Hence, we define a differential EDL chaeffeciency A, as the fraction of ionic current

density which contributes toward salt removal as

A, =F Jai —F Jsat - ﬂ: tam{%j . (8)
J Ad, do 2

ion

Note that our definition of differential EDL chargdficiency in Eq. (8) accounts for Faradaic

losses, unlike the formulation in Biesheuvel e{2009). Eq. (8) also assumes that the time scale
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associated with charge redistribution in the EDLmach smaller than that of concentration

changes in the bulk.

Hence, the salt adsorption rate in Eq. (1) istedlato the ionic current density through

differential EDL charge and Columbic efficiencies a

O, =A) =A A, [ F=A AN F, (9)

salt salt — ion

where J_, is the salt removal flux (units of molfrs), andA is the projected electrode area.

salt

We next account for an effective non-zero poterdfatero chargd/pzc due to the presence of
native charges on the electrodes, since a significaon-zero value olVpzc can affect

desalination performance of the CDI cell (Avraharale 2011). The external cell voltaig,, is

distributed among the resisti\(vm) and capacitive(vcap) potentials, and¥pzc , as
Vcell = [ IR+ 2V1A¢mtl ] +|:2/t (A% + A% )] +VPZC :Vres +Vcap +VPZC ' (10)

where | =J_ A is current supplied by the external power soufaeally, the rate of change of

charge density at the electrodes is determinetidoyonic current density to the double layer as

W = A‘Jion . (11)

Egs. (1) - (11) close our model for CDI operatiow drm a dynamical system which couples
salt removal and charge transfer mechanisms. Tmistitutes two coupled ordinary differential
equations (ODE) (Egs. (1) and (11)) for respecyiedfluent concentration and charge which we

solve numerically. We will hereafter refer to ths thenumerical model.

2.2 Simplified model with time varying EDL efficiercy — Semi-analytical
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Here we consider reduction of the model of the ipey section for DSS condition and CC
operation so that we can more easily explore tHesggilarities in response and dynamics. Our
goal is to identify specific combinations of CDlllcand operational parameters which result in a
unique dynamic response. We will refer to thesenlmoations as variables required for
similarity. Further, we will show that fixing thesombinations of variables ensures that many
effluent concentration versus time responses ofynaiiifierent cells and operations collapse to

the same solution; which we call self similaritytive response.

To this end, first, we rewrite the salt conservati. (1) in terms ofAc =¢,—c as,

d(Ac) sAc= A T)

(12)
d(t/7) FQ
———
Natural response Forcing functit

where 7 =[0/Q represents the residence time scale and paresthedicate “a function of”.

The left-hand side captures the natural responsandigcs, and the right-hand side represents a

forcing function (here CC operation). The dynanharge efficiencyA(t/r) in Eq. (12), can be

written as a product of Coulombic and differen&&lL efficiencies, as,
ANE/T)=A, /1 D)A(t/T) . (13)

As a simplification, we will assume like Hawks &t @018) that the Coulombic efficiency can

be approximated by an effective constant value, jlce(t/r) = A.. This effective value reflects

Faradaic type losses through the entire chargedautiarge cycle (see Eg. (26) and Sl Section

S1 for further discussion).

To provide a simplified approximation of, (t/ 7) and couple the external applied current to salt

transport, we treat the electrical response of @# cell using a nonlinear resistive and

10
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capacitive circuit which is mathematically equivaléo the dynamic GCS model discussed in
Section 2.1 (see Sl Section S1 for complete disonssWe assume that the effective series

resistance does not change significantly during/@dec as typical of CDI operation (e.g. see

Hemmatifar et al., 2016). Further, we assume that tbtal diffuse(C,), Stern (C,) and

equivalent(Ceq) capacitances are nearly constant during a CC operand are related by
—_— =t (14)

Using Eqg. (14), for DSS operation, we derive tid_Eefficiency during the charging phase as,

O 1t C
A, (t/1)=tanh —+—2 (V. -V +] , 15

and for the discharge phase, we obtain

_|:| |_t+ Ceq (
2C, & G,

A (t/7)= tanh[ V.o ~Vose = IReq)} : (16)

where V,,, andV,,, are the minimum and maximum external cell voltagesd R, is the

effective series resistance. In Egs. (15) and (L6)Q corresponds to the start of the charging
and discharging, respectively. We present furtleeaits around this derivation and estimation of
the capacitances in the S| Section S2. We bencladdhle current reduced order model with the
more complete numerical model described in Secidn(see SI Section S2). Egs. (12)-(16)
represent a closed form model for effluent conatiain for CC operation of CDI under DSS

conditions. For this model, the CDI cell parametars C,, R, , C,, and V., and the

operational parameters a@, |, V,;, andV,,,.

11



232

233

234

235

236

237

238

239

240

241

242

243

244

245

246

247

248

249

250

251

The model presented in this section constitutesdaiation of the two couple@DEs of the
preceding section, to a single ODE for effluentamnrationAc (Eq. (12)). This simple ODE
model predicts that the effluent concentration #rad the behavior will be self-similar given the
following variables: (i) constant values of th@wrate-to-current ratioQ/1 , (i) time

dynamics normalized by the residence (flow) timalesci.e.,t/7, and (iii) equal values of

modified low and high voltage values of the form,, (=V,, —Ve,c +IR,) and

Viig (= Vinax ~Veze — IRy, ), respectively. We refer to (i), (ii), and (i) #ise three variables which

result in self-similar dynamic response of CC operaof a CDI cell. In the Sl (Section S6.5),
we mention a few other studies (Hawks et al., 2H8mmatifar et al., 2016; Johnson and
Newman, 1971; Qu et al., 2018a) who have touchedoome of these variables, but have not

identified the set required for unique responses.

Finally, although the model described here resultssingle ODE forAc in time (Eq. (12)), we

cannot find an analytical expression fwe(t) . Egs. (12)-(16) need to be solved numerically and

hence, we refer to this reduced order model withetivarying EDL efficiency as aemi-

analytical model.
2.3 Simplified model with effective cycle EDL effimncy — Analytical

We here explore a further simplification of our rebébr CC operation which can be used to
obtain a closed-form analytical expression forugffit concentration versus time for full CDI

operation over charge and discharge cycles. Usireparoach similar to Jande and Kim (2013),

and Hawks et al. (2018), we assume a constanttiefiecalue of EDL efficiencyA, . This

12
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assumption enables an analytical solution to B®) ¢sing an ad-hoc value foka . Under this

assumption, Eq. (12) becomes

d(Ac) , A=A
d(t/r) FQ

(17)

Instead of choosing an ad-hoc value for as done in previous works (e.g., from curve fiffin

or assuminga =1), we choosels to be equal to the time average EDL efficiencyiryr
cyclic operation. To close our model in Eq. (g, average Egs. (15) and (16) in time to derive

the time-average EDL efficiency during an entirarge and discharge cycle as,

- - | =1 A -
A (tn) = Aa (tasen) = OQ[COSk(Gm;X)J —ao. COS("Um,n)] =A > (18)

max min

where 4, (t,,) and A, (t4) denote the average differential EDL efficiencyidgrthe charging

C V. -V, —I
and discharging phases, and a_, = (1——6“}[ mex ~Veze ~ 1Ry } , and
C. 2,

t

Ce )| Vinin =Verc + IR, _ . . :
a.., = 1—C— =y . In Eg. (18), the charging and discharging ticaa be
st

t
estimated from the RC circuit analogy (see Sl $astiS1 and S2). For charging a capacitor

with capacitanceC,, using a currentl , and operated within a voltage window AV, the
charging time is given b, AV /1. Thus, we obtain the charging/discharging tim&an (18)

as,

Lon - ldiseh %q(lgj[(\/max “Vere — IR, ) - (me ~Vope + IR, )] = %(% AV (19)

13
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where AV =V, =V,

e and we have assumed th4t is close to unity. Eq. (18) represents a
closed-form algebraic expression for the effectlifeerential EDL efficiency in a cycle resulting

in salt removal and regeneration under CC operalibe expression (18) is particularly useful
in highlighting key non-dimensional parameters DICell operation. These are the ratio of the

ax

reduced operational voltagé4 , =V, . —Ve,c —IR, andV,,, =V, =V +IR, to the thermal

in

voltage, and the ratio of the Stern capacitancieoequivalent capacitance. Further, Eq. (18)

also predicts that the average EDL efficiency inyale is strongly dependent on the reduced

operational voltages, i.ed, = A, (V,

low?

Vhigh) and only weakly dependent on current or flowrate.

The closed-form analytical solution of Eq. (17) wahipredicts the variation in effluent

concentration versus time for CC operation is

Ac(t) =%(1—e“”)+Ac(O) et . (20)

Natural resposne

Forced response

where Aa is given by Eq. (18). Note that when DSS is redchypically the natural response

has decayed sufficiently, so only the forced respaa observed.

Finally, using Eqg. (20) under DSS, we evaluate dhee efficiency A defined as ratio of

cycle ?
moles of salt removed as measured at the effluetitd input electrical charge in moles. We

show in S| Section S3 that the cycle efficiency barderived as

Q
/\cycle (Vlow’vhigh ’I_

_ Salt removed per cycle (in moles)-- (
low?

" Charge input per cycle (in moles)

Vi) A4 (Av ,Qj P

where A, is the flow efficiency (see Hawks et al., 2018hieh, for the CC operation considered

here is given by

14
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2expg -

287 /1ﬂ(tch):1—t log t
BAE=s

T T

(22)

288 Physically, flow efficiency estimates the amount oft samoval as measured in the effluent
289 stream relative to the true salt trapped at the reldes. Flow inefficiencies arise from an
290 insufficient volume of feed solution flowed duringarhying or discharging. From Egs. (19) and
291 (22), flow efficiency depends on the effective vgiathresholds and flowrate-to-current ratio

292  (c.f. Eg. (21)). We choose here not to model Coblcrafficiency A, in Eq. (21) in detail, and

293 instead concentrate in a regime where Faraday lossé®pt to a low value by judicious choice

294  of Vmax (see also Section S6 of Sl).

295  Egs. (18)-(22) is ouanalytical model. Model parameters are the cell propertigs, R, ,C,

296 andV,,, and the operational parameters which @el , V.., andV,, . Note that the three

297  similarity variables derived from thsemi-analytical model of Section 2.2 also ensure self-
298 similarity in the currenanalytical model (c.f. Eq. (20)). In SI Section S4, we discfisther
299 implications of thesemi-analytical andanalytical models on predicting desalination dynamics,

300 efficiencies, and total salt removal under DSS. Vge discuss the rationale behind the choice of

301 models we use in Section 4, when we compare moddisewieriments.

o) — —1 Current collector
-t ~~
c O
(0] ~
: ‘ 5
- (D Flow rate (Q) =
........................................... Feed _— Fresh €
S Vinax water water Y
g 5
2 )
= IN N V..
s ™ Current collector

302 t
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Figure 1: Schematic of a typical flow between cépardeionization (foCDI) cell. We highlight
three operational parameters, namely, (i) curignti() voltage ¥), and (iii) flowrate Q), which

affect the throughput, energy consumption, and satoval (e.g.Ac,,) performance of the
system. The schematic’s three sections are analogathis toput (left) and output (right) of the
system (middle).

2.4 Performance metrics

We here define three performance metrics for a G&8ll &nd use these to explore system
performance and tradeoffs between throughput andygrensumption, given realistic levels of

salt reduction.

First, we describe the productivity (Prod) definedtesratio of the feed processed rate to the

total cross-section area of the electrode is

Prod [L/nt /h]= tVa;MA , (23)

cycle

whereV,, is the volume of desalinated solution (i) produced per cyclet, . is the total

cycle

cycle duration (in h), and\ is the total electrode cross-section area (fin fhe duration of

desalinationt,, is defined by the total duration when the effluemicentration is less than the
feed (i.e., wherc<c,). Hence, the volume of feed solution processed dugpgcomprises the
desalinated volum&,., . The remainder voluméV,,.) processed during the cycle results in
concentrated brine solution (corresponding to cyete twhenc>c,) at the effluent. Hence,

water recovery (WR) is given BWR =V, /(Viyine +Vies ) -
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Second, we use volumetric energy cost (VEC) defiretha net energy spent in a charging-

discharging cycle per unit volume of fresh water picti as

U‘jw it
VEC [kWh/nP J=—2 | (24)

3.6E6xV,
where the integration is performed for a completargé-discharge cycle and,_, has units of

m°.

Third, we evaluate salt removal aAc,,, defined as the average reduction in the salt

concentration in the desalinated volume compare¢detdeed solution where

I Q(c,—c) dt
A, [mM] =10 - (25)

desal

Under DSS operation, if Faradaic losses are minithah CC charging and discharging times
are nearly equal. To quantify such losses, we eglimate an average Coulombic efficiendy,

for a CC charge-discharge cycle as

_ recovered electronic chargelt,,, _ ;e
input electronic charge  It,,  t,

A

C

(26)

where t, and t;,, are the time spent in electrically charging thdl ¢at current | ) and

discharging the cell (at current ), respectively.

3. Materials and Methods

3.1 CDI cell design
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We fabricated and assembled an fbCDI cell usingrdukal-flow architecture described by
Hemmatifar et al. (2016) and Zhao et al. (2013#&Je Fpairs of activated carbon electrodes
(Materials & Methods, PACMM 203, Irvine, CA) withécm diameter, 300 um thickness, and
total dry mass of 2.7 g were stacked between Siameter, 130 um thick titanium sheets which
acted as current collectors (total of six sheefgg used two 250 um thick non-conductive
polypropylene circular meshes (McMaster-Carr, Logyéles, CA) between each electrode pair
as spacers; these were cut with a slightly largérnim) diameter than electrodes and current
collectors to prevent electrical short circuits. B&timate an effective spacer volume of 4.4 ml,
with a porosity of 71%. This assembly was housesida a CNC-machined acrylic clamshell
structure and sealed with O-ring gaskets and fasteflVe compressed the entire assembly using
C-clamps to lower the electrode-current collectartact resistance (see Qu et al., 2015 for effect

of compression on contact resistance in CDI).

3.2 Experimental methods and model parameters extcdion

The experimental setup consisted of the fbCDI callperistaltic pump (Watson Marlow
120U/DV, Falmouth, Cornwall, UK), a 3 L reservoilldd with 20 mM potassium chloride
(KCI) solution, a sourcemeter (Keithley 2400, Clavel, OH), and a flow-through conductivity
sensor (eDAQ, Denistone East, Australia) closda¢ocell outlet. We used KCI to approximate a
binary, univalent and symmetric solution and ciatetl the solution in a closed loop with a 3 L
reservoir. We estimate less than 1% change in veseconcentration based on adsorption

capacity of our cell, and thus approximate influemcentration as constant.

The resistance and capacitance of our (entire,nmdded) cell were characterized using
electrochemical impedance spectroscopy (EIS), cyaldltammetry (CV), and simple

galvanostatic charging (see Sl Section S5 for i @V data using a potentiostat/galvanostat
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(Gamry Instruments, Warminster, PA, USA). We estedaeffective capacitance values from

the slope of voltage versus time data for constantrent (CC) experiments using

C, =1/(dV /dt). For effective resistance estimates, we used tthéovoltage drogAV | __,
during current reversal for CC operation at disgeargiven by|AV | __ = 2R . Thus, we
estimated differential capacitanc€s, of 37.2t1.8 F and an effective series resistame of
1.55+0.28 Ohms, for 20 mM KCI. These estimates were iomed using CV and EIS

measurements (see Sl sections S5 and S6.3 foefud#tails on procedures used for model

parameters extraction). For the Stern capacit@fhcewe estimated an optimal value that best
fitted the dynamic effluent concentration data avltained C,(=c,a/2) of 41.6t1.3F

(equivalent to 44 F/ci for all data presented in this work. We obserigetic repulsion effects
(Gao et al., 2015) at low voltages up to 0.3 V, avel corrected for this in our models by
subtractingVpzc ~ 0.3 V from the cell voltage when comparing modéh experimental data
throughout this work. To determine the mixed reagtume [0, we used an exponential fit to
the natural response of our cell similar to Hawksile (2018) (see Section 4.1) and estimated
O = 4.5+0.2 ml. Further, we performed constant current (G@)ration experiments using pre-
defined voltage thresholds, and did not directly Water recovery (WR). For all our CC

experiments reported in this work, we had a WR(65%.
4. Results
4.1 Similarity in natural response — open circuit fush following stop flow charging

We first look at the natural response of a CDI @sdtresponding to an operation wherein

[(t)=0 and Ac(0)# 0. Physically, this operation is equivalent to anempcircuit flush

subsequent to a stopped-flow charging or dischgrgiine natural response presented here is
19
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also reflected in the initial transients observedthe effluent concentration (before reaching
DSS) during cycling operation with some forcing dtian (current or voltage). From Eq. (20),

the natural response of the system is given by
Ac(t) = Ac(0) exp(-t /1) , (27)

wherer =[0/Q is the flow residence time. Eq. (27) shows thahe absence of electric current

(or any other forcing function), the differenceweén effluent and feed concentrations decays as

a first order exponent in time.

Figs. 2a and 2b show raw effluent concentratiora darsus time after charging the CDI cell.
Prior tot = 0, the cell was charged at stopped-flow conditiath a constant current of 0.1 A for

cell voltage windows of 0-0.8 V and 0-0.6 V, redpedly. The result is two different initial

conditions,Ac(O). The effluent concentration (response of theesy}tis then plotted for each

AC(O) and for an open circuit flush at four flowratesgvieen 4.5 to 12 ml/min. Note the wide

range of temporal dynamics. In Fig. 2c, we comlaheeffluent concentration reduction data
from Figs. 2a and 2b and simply normalize time gy torresponding residence tinre The
horizontal alignment of the 8 different curves skdie value of this temporal normalization. To
determine the cell volume (a constant for all casesed in the definition off , we use raw
experimental data and fit an exponential variation the effluent concentration with time
(Hawks et al., 2018) in the advection-dominatedaregfor t/ 7 >1). The inset of Fig. 2c shows
the estimated residence time extracted for eatheofour flushing flowrates and for each of the

two initial conditions. The inset curve is strondigear with a slope equal to a constant cell

volume O of 4.5(+0.9 ml. This cell-geometry-specific value collapses time scale of all

responses across all flow rates and initial coodgi(c.f. 8 operations of Fig. 2c). Further, the
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extracted value for the mixed reactor volume (thke\olume participating in desalination in our
fbCDI cell) is very close to the effective spacetume of 4.4 ml as expected (c.f. Section 3.1).

For a similar cell-volume characterization for &&dDI system, refer to Hawks et al. (2018).

The effluent concentration is measured downstreand so the initial step change in
concentration is dispersed in a manner consistéhtthe assumption of mixed reactor volume.
This dispersion effect is similar for both valuds &c(0) and most pronounced for times less
than a single residence time. Importantly, not¢ #il the effluent concentration measurements
corresponding to the same initial condition collpsto the same curve (both in the dispersion-
dominated and advection-dominated regions) whertgoloagainst time normalized by the
appropriate residence time. This results in unigtfeient dynamics observed in the natural

response of CDI. The figure therefore highlighte thelf-similarity of the natural response
observed for the CDI cell for equal values of alitamount of salt removeAc(0)). This
natural response is independent of the shape emsity of the forcing function used to achieve
the initial conditionAc(0) (e.g., CC or constant voltage operation), andbeamterpreted as the
step input response of the CDI cell as a dynammeali system with a single input (which
determinesAc(0)) and output(Ac(t)). We note here that the only time scale goveriitey
natural response (as a result of fluid flow) is fleev residence time. For any forced response
(due to time varying voltage/current as in Secda?) coupled with fluid flow, CDI dynamics is

influenced by both (i) flow residence tine, and (ii) electricalRC time. An example of this

coupling is readily apparent from Eq. (20) for ast@ant current forcing.
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Figure 2: Measured effluent concentration versus time duangpen circuit flush (following
constant current charging at 100 mA) at 4.5, 6arsy 12 ml/min and for two cases of CC
charging: (a) between 0-0.8 V (blue symbols), dodhbetween 0-0.6 V (black symbols). (c)
Effluent concentration reduction curves for casgsad (b) are plotted versus normalized time.
Time is normalized by the residence time sdale=[1/Q). Note that cases (a) and (b) each
collapse onto a single curve, as indicated by thdeh After an initial transient associated with
dispersion effects for flow exiting the cell, therees collapse to the exponential decay predicted
by model (solid red curves). Inset in Fig. 2c presethe residence time (obtained from an
exponential fit to the data; see Section 4.1) \&ersuerse flowrate for the same conditions as in

cases (a) and (b), and shows a linear fit whoggesk® the determined by the characteristic cell

volume.
4.2 Similarity in time dynamics of CDI salt removalfor constant current forcing function

We here explore a range of operations with vargiagent, flowrate and voltage thresholds to

study self-similarity in CC CDI operations. We hyjpesize that operations with the same

flowrate-to-current ratioQ /1, and same effective voltage thresho\(ﬂﬂ@(:vmin ~Voye + IReq)
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and Vhigh(:Vmax_VPZC —I&q), have similar effluent concentration variation lwihormalized

time, t/7. To study our hypothesis, we operated at thresrélte and current values but fixed
Q/ I ratio as shown in Figs. 3a-c. Further, we adjusitedcell’'s operating voltage window by

varying V,,, andV__, for different current values (for an effectiveistance of 1.55 Ohms; see

in
S| Section S6 for more details) to ensure the seffeetive voltage thresholdg,, andV,,,.

Results in Figs. 3a and 3b correspond to the sdfaetiee voltage thresholds, but different

Q/1. In Figs. 3b and 3c, we keep the sa@¢l ratio but change the voltage threshold by
changingV,,, (for the samev,, ). In each case, we also compare the experimeggalts with

predictions from theemi-analytical model with time varying EDL efficiency. For all s, we

used values o2, = 37.2 F andR,, = 1.55 Ohms an®C, =41.2 F in the model. The insets of

Figs. 3a-c show the raw, unscaled time variatiorthef effluent concentration for flowrates
which span 3 to 9 ml/min and current values of 50100 mA, and varying cell voltage
thresholds. Operations which satisfy the self-anty variables are grouped together in each of
Figs. 3a-c. In each subfigure, the insets show wige range of absolute (unscaled, raw)

temporal dynamics of the effluent.

When time is normalized by the residence-time sicalégures 3a-3c, there is a unique temporal
dynamic variation of effluent concentration vs. matized time (i.e. a collapse onto the same
curve) across the cases which specifically presénee similarity variables. This collapse
highlights the unique dynamics of self-similar cgg@ns. Note also that the normalized charging
and discharging durations are equal for operatwimgh preserve similarity. Equal normalized

charging time during self-similar operations is W@kdicted by Eq. (19), resulting in the same
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number of cell volumes flowed and thus tame flow efficiency (see also Section S6.1 and

Table S1 of the SI).

In Table S1 of the SlI, we report the average EDiciehcy at DSS for the experimental data in
Fig. 3. For each of the three cases, we estimaiea\cle effective EDL efficiency as follows.
We divide the experimentally measured cycle edficy (Eqn. (21)) by the product of predicted

flow efficiency (Eq. (22)) and the measured Coulambefficiency (Eqgn. (26)),

Aa =Nyge ! (Aﬂ)lc) . This estimate yields nearly identical valueslaf for each self-similar case.

For example, Figs. 3a, 3b and 3c each show selfasimperations (at thre® /| values each)

and the corresponding EDL efficiencies for eacliheke self-similar operations are (0.7, 0.72,
0.75), (0.73, 0.76, 0.77), and (0.42, 0.41, 0.8e($l Table S1 and its discussion). This
comparison is not an absolute confirmation of moaeturacy but shows that self-similar

operations yield consistent and neadentical values of the effective EDL efficiency.

The average EDL efficiency values for Figs. 3a &hdare nearly equal. Note also that the

average EDL efficiency decreased from ~0.74 in .F&gsand 3b to 0.41 in Fig. 3c when the

low?

effective voltage thresholdd/,,.V,, ) changed from 0.25-0.65 V to -0.15-0.65 V, respetyi

This is consistent with our model prediction thhe taverage EDL in a cycle is mainly

determined by the effective voltage thresholds xf (18) and discussion, also Table S1 of SI).

Since self-similar operations have same flow aretagye EDL efficiencies, we hypothesize that,

for minimal Faradaic losses, the cycle efficienty,. (equal to the product of the efficiencies

Ad, A, and A, as per Eq. (21)) is also equal across self-sinoif@rations. This hypothesis is

supported by ouanalytical model and by analysis of the experimental data ¢sele efficiency
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483 values in S| Table S1). We caution the reader thist result holds true when we operate at
484  moderate to high flowrates so the effects of diffnsare not significant, and in conditions where
485 Faradaic losses are minimal. In all our operatioresented in Fig. 3, the measured Coulombic

486 efficiencies are high, > 90%.

487 A corollary to the above discussion is that seifikir operations also result in similar absolute

488 values of average salt removal per cyilg,, (Eq. (28)), because such operations have the same

489  Q/l and A_,.. This observation implies that a CDI user can seoamong non-unique

490 operation modes (e.g. flowrates and current) tdexeha single desiredc,,, while meeting
491 other constraints (such as a fixed values/g@fx or Vimin Which respectively mitigate Faraday
492 losses or operation at loWa ). In other words, there exists some surface oakgoncentration
493  reductionAc,,, in the operational parameter space of flowratesecs, and voltage thresholds.
494  Lastly, note that Productivity and VEC may varynsiigantly under self-similar operation (see
495 Sl Table S1 for data), as these are explicit fumstiof both the flowrate and current as shown in
496 Egs. (29) and (30). In particular, VEC scaled 456Q while the Prod scales & (see Egs. (29)

497  and (30)).

(a) Q/I = 1.5 ml/C, Vjo,,  0.25 V (b) Q/1=1ml/C, V4, =0.25V (¢) QI=1ml/C, Ve, =~ -0.15V
30 ["Current (I) Flow rate (Q) Current (1) Flow rate (Q) Current (I) Flow rate (Q)
<] 100 mA 9 ml/min <] 100 mA 6 ml/min <] 100 mA 6 ml/min

O 75mA 6 ml/min
050 mA 4.5 ml/min

O 75mA 4.5 ml/min
rd050mA 3 ml/min
== Model

25} A Osoma

20

. = )l
15 A3 ZOEW*E
o

0 500
Time [s]

Effluent concentration [mM]

0 1000
Time [s]
0 5 10 0 2 4 6 0 5 10
498 Normalized time (t/7) Normalized time (t/7) Normalized time (t/7)

0 T 500
10 ime [s]
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Figure 3: Measured effluent concentration versusnabized time is shown for (a) three cases of

Q/1 = 1.5 ml/C with current values of 50, 75 and 100,raAd flowrates of 4.5, 6 and 9 ml/min
respectively, betweel,,, =0.25V andV,,, =0.65V, (b) three cases @/1 =1 ml/C with

current values of 50, 75 and 100 mA, and flowrate3, 4.5 and 6 ml/min respectively, between

V

low

=0.25V andv,;,, = 0.65V, (c) the same current and flowrates a@)nbut withV,,, = -
0.15V anav,,, = 0.65 V (larger voltage window). Experimentalalare shown with symbols,

and the semi-analytical model with time varyingfeliéntial EDL efficiency (refer to Section
2.2) is shown with a solid line. The insets for-(@) show the unscaled, raw time variation of
effluent concentration corresponding to the condgiof the main plot. Results show strong self-

similarity in time dynamics of salt removal undemnstant current CDI operation with equal

min

values ofQ/ 1, Vg, (= Vi ~Veze + 1Ry ) » ANAV,ig (2V,00 =Vere ~ IRy ) -

4.3 Average-EDL efficiency and flow efficiency havepposite trends for variations in

voltage thresholds

We here explore the effects of changing voltagesthwlds for CC operation on the flow, average
EDL, and cycle efficiencies. Previous studies hawggested highey., can overall improve the
dynamic cycle efficiencies by avoiding low EDL eféncyA, due to lowAg (Kim et al.,

2015). However, existing studies have not analyhedeffect of changing voltage thresholds on
the flow, EDL, and cycle efficiencies simultanequsiWe here show that this more complete
view leads to an optimal voltage window that maxzesi salt removal for the same Productivity

and VEC.

26



519

520

521

522

523

524

525

526

527

528

529

530

531

532

533

534

535

536

537

538

539

In Fig. 4, we show data from two sets of CC chatigeharge experiments (symbols) and the

analytical model results (solid curves) wif),, threshold of 1 V and flowrate of 9 ml/min. In
Fig. 4a, the current is 100 mA an,, varies between 0 to 0.6 V. In Fig 4b, the curisri0
mA andV,,, varies between 0 to 0.7 V. For the model calooifestj we use a valug, = 41.8 F
and 42.8 F for Figs. 4a and 4b, respectively, daedsame values of, and R, mentioned
earlier (c.f. Section 4.2). To ensure a fair anduaate comparison, the cycle efficiency for the
model predictions is corrected by multiplying ittlvithe average experimental Coulombic
efficiency.

Both Figs. 4a and 4b show low average EDL efficend, at smallV, values since a
significant portion of the cycle time is spentawvlAg, . HigherV,,, values always correspond
to higher A, . However, flow efficiency suffers at high,, threshold values since this shortens
cycle times relative ta and limits our ability to extract treated watesrfr the cell, loweringi,

. This trade-off between the average EDL and fldficiencies results in a maximum cycle
efficiency at aV,,, where the average EDL and flow efficiencies ararlyeequal. This is

clearly shown by the measurements and matchinggti@ts shown in Fig. 4.

We chose to plot Figs. 4a and 4b at the same flte with fixedVmax and varyingVmi, to

highlight the effect of varying current. The avezagDL efficiencyjm is almost equal for the
sameVmin (andVmay for the 50 and 100 mA cases. Note also the ctamdlg higher values for

flow efficiency A, as current is decreased from 100 to 50 mA. Niste how the optimum
value of cycle efficiency (the product df: and A, ) shifts to values of highéfmin. This is due

to the relation between each @fi and A, with operational parameters. On one hand, lower
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currents imply improved flow efficiency becausenadre cell volumes flowed prior to reaching
the constanVnax limit. Flowing more volumes at lower current alsaplies that the region of

rapid drop of A, moves to higher values df,,. On the other hand, for fix@dmin (andVmay),

Aa does not change significantly with current sinte depends mainly on the voltage dropped
across the capacitive elements, giver‘k/'y;;vy(:vmin ~Voze + IRaq), andV,, (:Vmax ~Voze — IRaq),

and does not explicitly depend on the current owftate (c.f. Sections 2.2 and 2.3). The net
effect is an increased optimum value\Gfi, to achieve the proper trade-off between flowing

enough volumes and maintaining potentials signifiijagreater than the thermal potential across

the capacitive elements.

Moreover, we here specifically chose conditiong.(esufficiently lowVax= 1 V and maximum
current of 100 mA) to achieve high cycle averagel@umbic efficiencies of 97% and 90% for

100 and 50 mA cases, respectively. Such operasidikely of most practical interest and

highlights the trade-off betweeha and A, . We also hypothesize that for self-similar openai

with a fixed voltage window difference, i.e., sarwg, -V, , increasing the lower voltage

threshold primarily increaseda (to near unity) for the samg, . Lastly, we note that the values

of average EDL efficiencies in Fig. 4 are sligHtyer than that reported in literature (e.g. (Kim
et al., 2015; Zhao et al., 2010)). We hypothedire is because of our non-zero potential of zero
charge Vpzc ~ 0.3 V), which adversely affects salt removal perfance and average EDL

efficiency especially at cell voltages bel®a,c (see Sl S6.4 for further discussion).
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Figure 4: Measured cycle efficienay, . (red triangles), estimated average-EDL efficienigy

cle

(blue squares), and flow efficiency, (black circles) versus minimum voltag¥, () for a

constant current CDI operation with (ar 100 mA, and (b) = 50 mA. The maximum voltage (
V.. is 1 V and the flowrate is 9 ml/min for both cas&ymbols represent experimental data
and predictions from the analytical model with dans differential EDL efficiency (c.f. Section

2.3) are shown with solid lines. EDL efficiency $es dominate at low.

min ?

as only a small

portion of electric charge is used for salt removAt relatively highV._. , the volume pumped

in !

through the cell is insufficient to remove treatsdter, resulting in low flow efficiency. The

trade-off leads to a maximum in the cycle efficignersusV,,, curves.

4.4 Changing voltage thresholds affects salt remolsignificantly, but energy and

throughput metrics are almost constant

We explored the effect of voltage thresholds on @Biformance metrics. Fig. 5 shows the

variation of Acg,,, Prod, and VEC each versus increasMg, for the same operational

conditions as in Fig. 4. A comparison of Figs. 4 &na demonstrates how concentration
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reductionAc,,, follows the same trend as to cycle efficiencyVgs increasesic,,,, increases,

reaches a maximum value, and then decreases. e@berr for this correlation and trend is best

expressed by the following identity:

l /\cycle
Acavg :F—Q . (28)

Hence, for equal flowrate-to-current rat@/ | , Ac,,,q @and A, are directly proportional and

cycle

reach a maximum simultaneously (e.g. while changoitage thresholds).

We next study the effect of changing flowrate-toreat ratioQ/1 on Acg,, . In Fig. 5a, as
Q/ 1 increases (here we show for constant flowrate emahging current), in general we

observe thaf\c,,, decreases. However, from Figs. 4a and 4b, cy@ieesfcy A increases

cycle

with higher Q/1; a trend opposite to that dfc,,, for changingQ/1. We explored this

opposite trend shown b ,. andAc,,, with changingQ/ | in further detail in Section 4.5.

cycle

Fig. 5b shows that Proahd VEC are only weak functions of voltage window foteld current
and flowrate conditions. These trends are bestpreged using two approximate relations. If we
assume a Coulombic efficiency of approximately yfite. negligible parasitic Faraday losses),

we can simplify the metrics (Egqns. (24) and (23)jalows:

VEC = 2 ZR” (29)
Q
_Q

Prod= oA (30)
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Hence, to a first approximation, for a fixed cutreand flowrate, the Prod and VEC are
independent of voltage window. In our experiments180 mA CC operation (Fig 5b),

Coulombic efficiency has only 3% variations (96-99% For the 50 mA case, Coulombic

efficiency varies 10% (85-95%) with higher valu¢doaver V. (see Sl Section S6.2 for data).

Hence in Fig. 5b, Prod and VEC are approximatelystant for the 100 mA cases, and both

metrics show a slight increase with increasifyg for 50 mA. Note the dashed lines in Fig. 5b

are model predictions assuming a unity Coulombiiciehcy. For VEC, the difference between
model prediction and data is the result of enegpg Idue to parasitic reactions, which is more
prominent at the 50 mA current. These results ltanieal consequences for CDI operation and
guantification of CDI cell performance. For examgFig. 5 shows how current can be varied to
reach a desired trade-off between Prod and VECif B, is not simultaneously optimized (as

per Figs. 4 and 5a) the,,, can suffer enormously. Conversely, optimiziAg,,, and VEC

can be achieved by varying current afgh; but mostly likely at the expense of low Prod.

In summary, the salt removal varies significanthd ashows a pronounced maximum versus
voltage threshold for a fixed flowrate-to-currer®@n the other hand, Prod and VEC are each a
strong function of flowrate and current and depenty weakly on voltage thresholds. At low
currents, there is less voltage dropped on sessstance and the cell spends greater time with a
higher voltage on capacitive components, so thatlddabic losses dominate (see also

Hemmatifar et al. (2016)).

31



610

611

612

613

614

615

616

617

618

619

620

621

622

623

624

625

= 0.08 - . - 30
£ (b)
g <— e
~ 0069000000 =
E S 2
= > 0.04 A A >
; pasbonta £
< ] O 120 [
SE’ AO I=50mA o-
ER AOI=100mA| .
0 0.2 04 0.6 0.8 S 0 02 04 06 0.8
Vmin [V] Vmin [V]

Figure 5. Measured values of CDI performance metaod comparisons with model: (a)
Absolute quantity of salt removalAf,,,), and (b) volumetric energy cost (VEC) and
Productivity (Prod), versus minimum voltag&/ ) for constant current CDI operation.
Maximum voltage Vmax) and flowrate are fixed at 1 V and 9 ml/min, amdwn are results for
currents,| of 50 mA (grey markers) and 100 mA (black markerghe experimental conditions
are identical to those of Fig. 4. Results from thesed-form analytical model with constant
differential EDL efficiency (refer to Section 2.8)e presented by solid lines in (a) and dashed
lines in (b). At fixed flowrate, current, and.x, the salt removal follows a trend identical to the
cycle efficiency in Fig. 4 and attains a maximuntueaat the sam¥,,. In contrast, VEC and
Prod are relatively constant with voltage windowt 18w current values, Coulombic losses

become important, leading to a slight increas&@\EC at highVy,, values.

4.5 Interplay among flowrate, current and voltage hresholds on CDI performance:

Predictions from experimentally validated model

We here use the experimentally validated analytimadlel to study the interplay among current,
flowrate, and voltage thresholds on efficiencieg(Ba) and performance metrics (Fig. 6b). For
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the cell parameters, we use extracted value§ of= 38.8 F,R,, = 1.5 Ohms andC, =40.5 F

as determined from our preliminary experiments, aatlV, ., =1V. We consider the self-

igh

similarity variables,Q/1 and the effective voltage thresholdg,, andV,,, as discussed in

Section 4.2.

Fig. 6a shows contours of the cycle efficiency uersQ/| and voltage threshold/_,. At a

fixed V,

low ?

flow efficiency increases witlQ /| ratio, while average EDL efficiency is relatively
constant (see Sections 2.3 and 4.2, and Egs. a(iB)22)). This leads to an overall increase in
the cycle efficiency with increasin@/| ratio. At a fixedQ/ |, however, the flow efficiency

and average EDL efficiency respectively decreasdsricrease with increasing,, . This leads

to an optimal lower voltage threshol,, ., that maximizes cycle efficiency. This optimal lawe

opt

voltage increases a®/| increases. So, for high cycle efficiency, we afigeh to operate at

high Q/1 and at the lower voltage threshold given\hy . Of course, these trends need to be

weighed against the requirement for sufficient m‘rnoval(Acavg) as discussed next.

Fig. 6b shows contours of salt removAt,,, versusQ/I| and voltage threshold,, . For fixed

low *
Q/1, increasingv,,, initially increases but then decreases salt refrioae same way as cycle

efficiency (see Fig. 6a, and refer to Section 4d Bq. (28)). However, unlike cycle efficiency,

salt removal monotonically decreases wi@V|. Hence, a CDI cell user with a primary
objective of strong salt removal is driven to operat low Q/1 and at the optimal voltage

Y/

low,opt

(same optimum that maximizes cycle efficiency) €C operation. However, at low

Q/1, Prod and VEC are each adversely affected. R&oatl Egs. (29) and (30) that high ratios
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646 of Q/1 imply respectively higher Prod and lower VEC bigo lower degree of salt removal.

647 Hence a user must properly consider the importaéineg attribute to Prod, salt removal, and
648 VEC in determining CC operation. The key operalgrarameters available include flowrate,

649 current, and voltage window(s) of operation.

650 Lastly, we emphasize that, in general, high cyffieiencies are not necessarily correlated with
651 high salt removal performance. Such a correlatiolds only when the flowrate-to-current is
652 fixed, and voltage thresholds are varied. We hygsitte that the trends discussed here regarding

653 efficiencies and performance will be representabiV€DI cells in practical use.

(a) (b) Low Volumetric Energy Cost

> High Productivit
0.8 J 4

High Flow Efficiency

>

Viow [v]

Vlow V]
High Flow Efficiency
High EDL Efficiency

v
0.5 1 1.5 0.5 1 1.5
Q/I [ml/C] Q/I [ml/C]
A, HHES = | ac,, (mv] T
654 : 0.1 0.2 0.3 0.4 0.5 0.6 2 3 4 5 6 7 8

655 Figure 6: Predicted performance metrics for CC GQCiperation based on experimentally

656 validated model. Shown are contour plots of (ajegfficiency, and (b) salt removéAcy,,)
657 versus flowrate-to-current rati(Q/ I) and the minimum voltagév(,, ) based on the analytical

658 model with constant differential EDL efficiency fee to Section 2.3) fow,,,, = 1 V. Dashed

igh

659 lines in (a) and (b) indicate the optimal minimuwitsge V, for each value ofQ/1 ratio

ow,opt
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which maximizes both cycle efficiency and salt realo(Ac,,), simultaneously. Note cycle
efficiency increases while salt removal decreas#sincreasingQ/ | . The arrows in (a) and (b)
indicate a monotonic (but not linear) trend of egdantity. Flow efficiency and average EDL

efficiency have opposite trends with changMg, , and this results in an optimal voltage value

Vv

lwopt Which maximizes their product (= cycle efficiencijigher Q/1 results in better Prod
and lower VEC but lower average concentration redacThis highlights the trade-off among

the performance metrics in CDI.
5. Summary and Conclusions

We developed several reduced order models baseal mixed reactor approximation which
describe the dynamics and performance of CDI systeWle concentrated on CC operation, but
an analogous approach can be used for other apemhtiontrol methods. The first (numerical)
model includes the effects of bulk electromigratiBdL charge efficiency, Faradaic losses, and
non-zero potential of zero charge. This modelltesn basically two coupled ODEs in time for
respectively the effluent salt concentration arettical charge on the electrodes, can be solved
numerically, and is a useful tool for benchmarkthg other two models. The second (semi-
analytical) model further assumes a constant efiedapacitance for the CDI cell and reduces
to a single ODE in time for the effluent concentmatwhich yields insight into non-dimensional
parameters which govern operation and similaritige Third (analytical) model assumes an
effective (constant) value of EDL efficiency andelgis closed-form algebraic expressions
describing dynamics of effluent concentration vioia and values of EDL and flow efficiencies
as a function of operational parameters. We usedé¢cond and third models to clearly identify

the natural and CC forced response of a CDI systerd, describe parameters and dynamics
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which lead to self-similar performance of CDI. Shself-similar approach highlights the

interplay among flowrate, current, and voltage shadds in CC CDI operation and performance.

We also performed an experimental study using & fitetween CDI cell. We performed
preliminary experiments using galvanostatic chaygiand discharging, electrochemical
impedance spectroscopy, and cyclic voltammetryxtoaet three cell parameters for the model.
We fixed these cell parameters and validated thdemacross fairly wide variations of control
parameters. We showed that CC operations with deoweate-to-current ratio, and reduced
effective voltage thresholds, exhibit similar et dynamics when time is normalized by the
residence time scale. We verified that the aveaDé efficiency is a strong function of the
voltage thresholds, and only weakly depends oncthreent and flowrate, as predicted by the
analytical model. We also proposed and explorethadlperformance metrics including cycle
efficiency, average (absolute) concentration radactproductivity, and volumetric energy cost
(VEC). We showed that self-similar operations hesliin almost equal values of cycle
efficiency and average concentration reduction)evhioductivity and VEC depended explicitly
on flowrate and current. We used the validated mtmleexplore a full performance map of
charge efficiency, average concentration reducpoocluctivity, and VEC, each as a function of
flowrate-to-current ratio and effective voltagees$inolds. These show that higher values of
flowrate-to-current result in better cycle efficegn throughput, and VEC, but poor average
concentration reduction. The comparison of theséopaance maps demonstrates the trade-off

among salt removal, throughput and VEC versus G&€atipn parameters.
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Highlights:

* Identified cell and operational variables which results in unique dynamic responses
» Deveoped reduced order models for CDI operation

» Demonstrated interplay between flow and EDL efficienciesin CC operation

* Identified optimal salt removal operation in CC CDI for redistic constraints

» Highlighted tradeoffs among salt removal, energy, and throughput performance



