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Abstract

Capacitive deionization (CDI) is a promising technique for salt removal and may have potential
for highly selective removal of ion species. In this work, we take advantage of functional groups
usually used with ionic exchange resins and apply these to CDI. To this end, we functionalize
activated carbon with a quaternary amines surfactant and use this surface to selectively and
passively (no applied field) trap nitrate ions. We then set the cell voltage to a constant value to
regenerate these electrodes, resulting in an inverted capacitive deionization (i-CDI) operation.
Unlike resins, we avoid use of concentrated chemicals for regeneration. We measure the
selectivity of nitrate versus chloride ions as a function of regeneration voltage and initial
chloride concentration. We experimentally demonstrate up to about 6.5-fold (observable)
selectivity in a cycle with a regeneration voltage of 0.4 V. We also demonstrate a novel multi-
pass, air-flush i-CDI operation to selectively enrich nitrate with high water recovery. We further

present a dynamic, multi-species electrosorption and equilibrium solution-to-surface chemical
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reaction model and validate the model with detailed measurements. Our i-CDI system exhibits
higher nitrate selectivity at lower voltages; making it possible to reduce NaNOs concentrations
from ~170 ppm to below the limit of maximum allowed values for nitrate in drinking water of
about 50 ppm NaNOs.

Keywords

lon Selectivity, Capacitive Deionization, Nitrate, Surface Charge, Surfactant Treatment

1. Introduction

Lack of accessible clean water is a growing concern worldwide. Selective ion removal can play a
crucial role for the extraction of ionic contaminants and/or rare metal ions from aqueous
solutions and reduce the cost of treating water. Nitrate is an example of a common potentially
toxic anion in brackish water.(Bouchard et al., 1992; Inoue-Choi et al., 2014; Jones et al., 2016)
Thus, highly selective desalination is relevant for point-of-use water purification systems and
industrial applications. Widely used techniques for removal of organic and inorganic
contaminants include reverse osmosis (RO),(Richards et al., 2011; Xie et al., 2012) forward
osmosis (FO),(Kumar and Pal, 2015) electrodialysis (ED), nanofiltration (NF),(Ghaemi et al.,
2018) and ionic exchange resins.(Samatya et al., 2006; Xu et al., 2012) Membrane technologies
such as RO or FO are predominantly used for sea water desalination and often have significantly
high salt rejection (98% or higher (Chekli et al., 2016; Jamaly et al., 2014; Subramani and
Jacangelo, 2015; Zhao et al., 2017)). However, such technologies are not readily optimized for
treatment of lower salinity streams such as brackish water or in applications targeted towards

removal of specific ions in the solution.(Werber et al.,, 2016) lon exchange resins are one
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alternative method. Charged groups on the surface of the resins are initially electrostatically
shielded by low-affinity ions (e.g., CI'), but can then adsorb higher affinity ions (e.g., NO3’) via
ion exchange. This affinity is currently not sufficiently well understood for first-principles
predictions of quantitative affinity, but adsorption kinetics are known to be influenced by ion
size and electronic structure, and the associated interaction with ionic surface groups.(Harland,
1994) Although use of ion exchange resins is promising for selective ion removal, it suffers from
significant drawbacks. Most notably are the requirement for high concentration chemicals
used during regeneration, and the disposal of these chemicals after regeneration.

Capacitive deionization (CDI) and sub-categories such as inverted capacitive deionization (i-CDI)
and membrane capacitive deionization (MCDI) are electrochemical techniques which use
electrosorption to adsorb/desorb ions onto/from high surface area electrodes. Specifically, in
CDI a potential is applied to electrostatically adsorb ions; while in i-CDI native surface charges
on porous electrodes are used to adsorb ions (e.g. with no applied potential), and an external
potential is then applied to regenerate the electrode(s). CDI and i-CDI have been mainly focused
on reduction of salinity, but recent efforts have explored removal of specific ionic contaminants
from water.(Farmer et al., 1996; Oren, 2008; Seo et al., 2010) CDI and i-CDI offer advantages
over ion exchange resins in that they require no highly concentrated chemicals for
regeneration. In i-CDI, an electric field is applied to regenerate the cell, and this also implies the
possibility of energy recovery during the adsorption step.(Gao et al., 2015)

Selective ion removal has been an active area of research in CDI community in recent years. The
selectivity of adsorption has been attributed mainly to ion valence and steric effects,(Han et al.,

2014; Hou et al., 2008; Hou and Huang, 2013; Li et al.,, 2016; Seo et al.,, 2010) and the
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interaction between nanoporous size and hydrated radius also seems to play a significant
role.(Han et al., 2014; Hou et al., 2008; Hou and Huang, 2013; Li et al., 2016; Nie et al., 2011)
Selectivity has been demonstrated experimentally for lithium,(Lee et al., 2017; A Siekierka et
al.,, 2017; Anna Siekierka et al., 2017; Siekierka and Bryjak, 2017) nitrate,(Tang et al., 201643,
2016b) and fluoride removal.(Lado et al., 2017; Tang et al., 2015; Yeo and Choi, 2013) However,
these studies relied on the intrinsic selectivity of pristine activated carbon surfaces (Han et al.,
2014; Hou and Huang, 2013; Seo et al., 2010). Other studies (Kim et al., 2013; Kim and Choi,
2012) coated the surface of the activated carbon electrodes with an anion-exchange resin
which then served as an ion selective barrier (this is discussed further below).

In previous work, we used nitrate selective moieties of a type shown to be effective for nitrate
selective extraction using ion exchange resin absorbents.(Diego I. Oyarzun et al., 2018; Palko et
al,, 2017, Wheaton and Bauman, 1951) The physical mechanism for adsorption of these
moieties relies on the ionic exchange of the selective surface group, a quaternary ammonium.
Such surface groups are initially weakly bound to a low-affinity counter charged ion (i.e.
chloride). Upon exposure to a solution containing a high-affinity ion (i.e. nitrate), there is an
exchange between the low-affinity chloride with the high-affinity nitrate. The system of Palko
(Palko et al., 2017) was very limited in practicality and energy efficiency since only a single
electrode was functionalized, and the counter electrode sustained a Faradaic reaction to drive
overall current in the cell. This significant drawback was addressed by Oyarzun et al.(Diego I.
Oyarzun et al., 2018) who functionalized one electrode with cetyltrimethylammonium bromide
(CTAB) and the second with sodium dodecylbenzenesulfonate (SDBS), hence a more complete i-

CDlI cell. Despite this, the latter study was also limited in several ways. First, the measurements
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guantifying adsorption and desorption were for pure sodium nitrate solutions, and so no
selectivity was demonstrated. Second, the study presented no theory capable of predicting the
dynamic steady state of the multi-species adsorption and desorption dynamics. Third, the study
provided no way to continuously enrich selectively adsorbed nitrate in multiple cycles (or air
flushing of any kind). These three shortcomings are addressed in the current work.

We note that the current functionalization differs significantly from the work of (Kim et al.,
2013; Kim and Choi, 2012) in that we here use no anion-exchange barrier or membrane (or
absorbance medium) of any kind to treat the activated carbon. Instead, we adsorb (to the
surface of) CTAB and SDBS to the electrodes to achieve a selective adsorption function. In our
approach, ions neither cross a membrane barrier nor are absorbed into any medium, but
instead are adsorbed directly to a treated surface. As mentioned above, we also address
shortcomings of the work of Palko (Palko et al., 2017) and Oyarzun (Diego I. Oyarzun et al.,
2018) by providing a theoretical framework to model the competition of adsorption
(desorption) of multispecies, by quantifying the simultaneous (and competitive) adsorption of
chloride versus nitrate ions, and by exploring a novel recirculation method to selectively
preconcentrate species. To this end, we explore the competition between the low affinity ion
(chloride) and the high affinity ion (nitrate) onto the CTAB-functionalized electrode. CTAB has
been used for the selective removal of nitrate over chloride in (permeable) ion exchange
membranes (Barron and Fritz, 1984) but not in i-CDI. We study experimentally the effect of
regeneration voltage and inlet concentrations on ion removal using species-specific ion

chromatography (IC) quantification of the outlet stream species. As we shall see, we achieve
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high values of selectivity and demonstrate an dynamic model useful to selectively remove ions
and reduce ion concentrations below regulations limits.(World Health Organization, 2011)

We also present a model to guide our design and optimize our system. A number of models
have been presented to explain selectivity, and these have focused on either ion size effects
(compared to pore structure) (Suss, 2017) or on ion valence and its effect on
electrostatics.(Zhao et al., 2012) The latter models lack a detailed treatment (including
competitive selectivity) of the differing affinity of surface groups of the activated carbon
surface. We here expand on the steady-state model presented by Hemmatifar et al.
(Hemmatifar et al., 2017a) to model and study the effect of surface treatment on ion
adsorption. Additionally, we perform experiments and develop time-dependent predictions of
the dynamics of ion-selective desalination. Our model combines a Donnan treatment for
electric double layers and electrosorption Langmuir-type equilibria.  Our electrostatics
treatment includes chemical surface charge for functionalized activated carbon which we
incorporate as a first order, species-specific equilibrium reaction model for adsorption. We
model transport through the cell using a well-mixed reactor model.

2. Theory

2.1 Equilibrium model for ion selectivity

We recently developed a weak electrolyte equilibria model for activated carbons with charged
functional groups and showed effect of pH on carbon’s surface charge and its ability to adsorb
in the absence of applied electric fields.(Hemmatifar et al., 2017a) This is in contrast with
contributions where chemical adsorption has been modeled using a constant surface

charge.(Biesheuvel et al., 2015; Dykstra et al., 2017; He et al., 2018; Mubita et al., 2018) We
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here show a modification of such a model and demonstrate (competitive) adsorption selectivity
of ions onto the surfactant-treated carbon surfaces. We make the following assumptions:
(1) moderate pH range (4 to 10) (Persat et al., 2009) such that salt concentration is considerably
larger than that of hydronium and hydroxide ions and (2)surfactant functional groups
dominate the native, weak-electrolyte surface charge groups associated with the bare
carbon.(Hemmatifar et al., 2017a) The latter assumption implies that the chemical surface
charge on the electrode is primarily due to strong electrolyte behavior of the surfactants. In
Section 4.2, we show validity of these two assumptions for the current study. A more general
formulation of the model which includes pH effects is presented in Section S1 of the
Supplementary Information.

Next, we model the intrinsic affinity of anionic species (i.e. chloride and nitrate ions) to CTAB-

treated activated carbon electrode (CTA-AC) with equilibrium reactions of the form

K(‘I

CTACI0 CTA* +CI” (1)
Ko,

CTANO,[] CTA*+NO; (2)

and intrinsic affinity of cationic species (i.e. sodium ions) to SDBS-treated electrode (DBS-AC) as

KNa
DBSNall DBS +Na* (3)

where K, Kyg_, and Ky, are equilibrium constants for adsorption of chloride, nitrate, and

sodium ions, respectively, and can be written as

KCl = CCTA* Cm,cr A / Cerac (4)
KNO; = CCTA*cm,NO;,A /CCTANos (5)
KNa = C])gg* Cm,N;fr ,.C /CDBSNa . (6)
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Here, cora+) €orads Ccramo,s fomsts and cpqq. are the concentrations of the respective

surfactant species (in units of moles per micropore volume), and ¢,, 4= & Cpmaros,a AN Crppat o

are micropore concentrations of chloride and nitrate ions in CTA-AC and sodium ions in DBS-AC,

respectively. The subscript m denotes micropore and & and C denote active and counter

electrode (the micropore vs. macropore treatment of electrodes is discussed at the start of the
next section). Species conservation can be written in terms of the analytical concentrations of

surfactant groups on CTA-AC electrode (cp, 4) and DBS-AC electrode (g, 4) as

Ceran = Nerao Ve = Ceorar T Ccract T Cerano, (7)
Cops.o = Nppso/ Ve = Cpps- 1 CpBsNa (8)

where N ., and Npg., are net amount (moles) of surfactant on CTA-AC and DBS-AC

electrodes, and #,, is the micropore volume. Note, CTA-AC and DBS-AC electrodes have positive

and negative chemical charge, respectively. The chemical charge density of surfactants on the

electrodes can then be written as

C C _
_ _ m,Cl™ m,NO3
O-chem,A - FCCTA+ - FCCTA,O 1+ + K (9)
Cl NO,
-1
cm Na*
Gchem,C = _FCDB§ = _FCDBS,O 1+ K (10)
Na

where F is Faraday’s constant.
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2.2 Electric double-layer model

We use a Donnan model for description of electronic double layer (EDL), where the micropore
EDLs are treated as strongly overlapping.(Biesheuvel et al., 2011; Hemmatifar et al., 2015) A
detailed description of this model is given in our recent work;(Hemmatifar et al., 2017a) so we
here summarize the important results. Concentration of ions within the micropores can be

related to that of macropores (outside EDLs) with a Boltzmann distribution of the form

Cpij =C exp(-zAd, ,/V;) i=CI",NO;,Na", j=A,C (11)

mi, j

where ¢, ; is micropore concentration of ion i (chloride, nitrate, or sodium ions) in the

o7
electrode j (A for anode and C for cathode), ¢; and z; are the corresponding macropore

concentration and valence of ion £, and Agp ; is Donnan potential in the electrode j. The

chemical, ionic, and electronic charge density add up to zero in each electrode (i.e. net neutral
charge compensation) as in

O hem; TO +0 =0 j=A,C (12)

ionic,j elec,j

Where o

ionic,

= le_zl.cm,l.,j is the ionicand o

elec,j

=C,Ag, . is the electronic charge density of

electrode j, respectively (C,, and Ag,, ; being volumetric capacitance and micropore potential

drop). Under the assumption of negligible Faradaic reactions, the right-hand side of eq 13 is
zero, and so current conservation requires that

vm,AGele(‘,A + vm,CGele(‘,C = 0 (13)



176

177

178

179

180

181

182

183

184

185

186

187

188

189

190

2.3 Mass transport equations

We here assume an open-loop i-CDI system with continuous flow from reservoir to the cell with
constant feed concentration. We assume a well-mixed reactor model with first-order kinetics
for functional groups on CTA-AC and DBS-AC electrode (as described in Section 4.1). For our
multi-species system, the mass transport equations for chloride and nitrate ions can thus be
written as

dc

- d
o _ _ . a
Veell g (e, o0 Cor )=V, i (cm,cr A TCcraa T€, o ¢ ) ) (14)

dc

Vo 2= O -c.. )—-v,—|c +c +c
cell dt NO,™,0 NO;” ™ 4t \ mNOyLA CTANO, m,NO;~,C |’

(15)

where ¢4- and ¢g,- are the effluent concentrations of chloride and nitrate ions, w is cell
]

call

volume, and @ is the flow rate. For the third species (here, sodium) we invoke electroneutrality

condition and relate concentration of Ma™ to that of C1~ and N0 as

Cnat = Cor T cNo; ’ (16)
2.4 External circuit
We now couple mass transport equations above with the external circuit. First, the external

applied voltage ¥, can be related to anode and cathode potentials (¥, and I7.) as

I/ext (t) = IextRs + (A¢D,A + A¢m,A) - (A¢D,C + A¢m,C) ’ (17)

with v, —V. =(Ag, +Ag, \)—(Ad, . +Ag, ). Here, I, is the external current measured

with a sourcemeter, and E_ is the net series resistance in the system (including resistance of

wires, electrode-current collector contact resistance, and resistance of solution in spacers). For

10
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simplicity, we model the resistance R, as sum of electronic resistance E__,.. and ionic
resistance B ;... We model the latter as
Rs,ionic = (18)

AnaCna + AciCor + /11\103 Cro,

where 4;, Ay,, Aq,and Ay, are constants that relate ionic concentrations to ionic resistance

of the cell. Finally, the applied voltage I¥ to the two-electrode i-CDI system can be written as

V(‘ell = IextRs + (A¢D,A + A¢m,A) - (A¢D,C + A¢m,C) (19)

2.5 Intrinsic and cycle ion selectivity

In the ion-exchange resin literature, the selectivity of an ion relative to another is often
characterized using a selectivity coefficient defined as the ratio of enrichment factors for the
two ions of interest, or equivalently, ratio of equilibrium constants. By enrichment factor, we
mean ratio of concentration on the exchanger (stationary phase) over concentration in the
external solution (mobile phase).(Hasnat and Juvekar, 1996; Helfferich, 1962) This parameter is
measurable only in controlled and near-equilibrium conditions, and so we hereafter refer to
this coefficient as the intrinsic selectivity coefficient. For example, this intrinsic parameter is
strictly only valid and observable in the absence of an applied voltage to the cell. As an
example, the intrinsic selectivity coefficient of nitrate with respect to chloride on CTAB-treated

electrode can be written as

b~ _ oo (20)
K

cl Cetact / Cor

11
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where ¢4- and oy areé concentrations in external solution in the case of no applied voltage

(note, in general, this is different from zero voltage). The external voltage can alter this intrinsic
selectivity towards higher or lower selectivity coefficient values. The set of equations in
Sections 2.1 to 2.3 can be solved to calculate the modified selectivity coefficient (due to applied

voltage), for which we here propose the following definition:

i (CCTANO3 + ACNO; )/ CN05 (21)
int
(CCTACI + Accr ) / cCl’

or, equivalently, using mass conservation equations (15) and (16), as

s (CNog,o _CNO;)/CNO; (22)
(Ccr,o ~Cer )/ Cor

int

where Atyos and Ac4- are excess micropore concentrations (increase in concentrations with

respect to external solution) due to applied voltage and can be written as

A, =cC,atC

f L,

-— 2¢; (for i =Cl7,N0O;). Note that in the absence of external voltage,

micropore and external solution concentrations are equal (i.e. ¢,,,, ; = ¢, for i = C17, NOj and

;
§=4,0C).So, &g, = 0and k., is recovered.

We note that intrinsic selectivity coefficients (k... and k. .) solely quantify preferential

ini ini

adsorption by chemical affinity. In CDI applications, however, the observable (in effluent)
selective adsorption of one species versus others is determined by the dynamics of the coupled
effects of this chemical affinity with electrosorption and mass transport. For example, CDI

requires a regeneration (or desorption) step for cyclic operation, so that the achievable

12
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selectivity of both the adsorption and regeneration steps is influenced by the operational
parameters of the CDI cell. In this work, we chose an operation scheme wherein surfactant-
treated electrodes is used for selective adsorption of nitrate ions and this is then followed by a
non-selective regeneration step. To quantify the preference of the CDI cell for nitrate ions in

the voltage window I, | (regeneration voltage) to I, (adsorption voltage), we define the new

parameter we term the cycle selectivity coefficient & For a closed-loop system, we define

cyele”

cycle selectivity coefficient as

[CNO; (Vreg) ~CNos Vs ):| /cNog,o
[Ccr (Vreg) ~Cor Vas )] /CCITO

cylce —

(23)

where numerator is relative change in concentration of nitrate in the external solution
measured at the end of adsorption and regeneration steps. A brief analytical development of
this expression is given in the SI. Note the denominator is the relative change for chloride ions.
For open-loop systems, cycle selectivity coefficient can be calculated as

Lads
_ Cero .[0 (CNog 0~ Sxo; (1)) dt

cylce c buds
NO3,0 J-o (Ccr,o —C (1)) dt

(24)

where cms—r:tj and c4-(t] are time-varying effluent concentration of nitrate and chloride, and

t is duration of adsorption step. Note that & can attain values very different (and

ads exela

significantly larger) than the intrinsic selectivity. For example, we will show in Section 4.2 that,

for small voltage window, the equilibrium concentration of chloride in the external solution in

13
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adsorption step is very close to that of the regeneration step. This results in very large cycle

selectivity but, as we shall see, this is at the cost of low salt adsorption capacity.

3. Materials and methods

3.1 Materials

We used commercially available activated carbon electrodes (Material Methods LLC.,
PACMM™ 203, Irvine, CA) and modified the surface charge of the activated carbon with anionic
and cationic surfactants. Half of the pristine electrodes were functionalized with cetrimonium
bromide (CTAB, CHs(CH2)1sN(CHs)3Br) cationic surfactant in order to enhance their anion
adsorption capacity. The electrodes were soaked in 500 mL solution of 10 mM CTAB for 12 h,
thoroughly rinsed with deionized (DI) water, and dried. We refer to this CTAB-treated activated
carbon as CTA-AC from this point forward. The rest of the pristine electrodes were
functionalized with sodium dodecyl benzene sulfonate (SDBS, CHs(CH2)11C¢HaSO3sNa) anionic
surfactant to increase their cation adsorption capacity. Similarly, the electrodes were soaked in
500 mL of 10 mM SDBS solution for 12 h, rinsed with deionized (DI) water, and dried. We refer
to SDBS-treated activated carbon as DBS-AC. The uptake of CTAB and SDBS by electrodes was
approximately 446 and 489 mg (1.2 and 1.4 mmole) per g of electrodes measured by a total

organic carbon analyzer (TOC-L autoanalyzer, Shimadzu, Kyoto, Japan).

14
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3.2 Experimental setup

3.2.1 Intrinsic selectivity experiment

To calculate the intrinsic selectivity of the CTA-AC electrode for nitrate with respect to chloride,
we performed the following adsorption equilibrium experiment. First, a sample of CTA-AC

electrode was soaked in 150 mM NaCl for 24 h in order for C1~ to replace Er~ that was

originally on the electrode surface. The process was repeated for a second time to exchange as

much Er~ as possible with C17. The total of exchanged bromide was 1.14 mmole per g of

electrodes, which is~¥95% of the initial CTAB uptake. Activated carbon electrodes were then
washed with DI water and dried. Next, eight containers were filled with 24 ml of sodium nitrate
solution with concentrations between 0.3 to 3 mM, and 50 mg of activated carbon was added
to each container. The containers were sealed and gently agitated for 24 h, and the equilibrium

concentration of nitrate and chloride was measured with IC.

15
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a)Nitrate Regeneration current
(2) ? flow electrode cojjector

Figure 1. Schematic of the i-CDI cell used in this study. One electrode (labeled CTA-AC) is
treated with CTAB and a counter electrode (DBS-AC) is treated with SDBS. (a) Schematic of the
regeneration step at constant voltage of the i-CDI cell. The applied bias forces electrons to
migrate from DBS-AC to CTA-AC. Electrons driven toward CTA-AC repel Cl- and NO3- ions, while
holes driven toward DBS-AC repel Na+ ions. This process leaves an available surface charge in
both electrodes (DBS-AC to CTA-AC). (b) Schematic of a simple short-circuit adsorption process.

Ma't, C1~, and Ny ions are adsorbed, forcing migration of electrons from CTA-AC to DBS-AC.

3.2.2 i-CDI experiments

Figure 1 shows the schematic of the i- CDI cell. Our i-CDI cell utilizes a radial inflow geometry
wherein feed solution is injected into the system from the periphery of the stack of circular
electrodes. The solution then flows radially inward between the electrode layers (through

separators) and electrosorption or desorption occurs. The desalted (brine) solution then exits

16
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the system from the center of the porous electrode stack in a direction normal to the planes of
the electrodes. See Hemmatifar et al.(Hemmatifar et al., 2017b); Oyarzun et al.(D.l. Oyarzun et
al., 2018) and Palko et al.(Palko et al., 2017) for descriptions of similar CDI cell architectures.
We fabricated a flow-between i-CDI cell using a single pair of surfactant-treated electrodes with

3.5 cm diameter, ~300 pm thickness, and a total dry mass of 0.28 g. We used 50 pm thick

titanium sheets as current collectors and a 300 pum thick woven plastic mesh (McMaster-Carr,

Los Angeles, CA) as a spacer between the electrodes. Our i-CDI experimental setup consisted of
the i-CDI cell, a 3 L reservoir, a sourcemeter (Keithley 2400, Cleveland, OH), and a peristaltic
pump (Watson Marlow 120U/DV, Falmouth, Cornwall, UK). To exchange the bromide initially
on CTA-AC electrode, we applied 0 V to the cell and maintained a continuous 0.23 ml min™! flow
of 2 mM NaNOs and 2 mM NacCl for 12 h. We then applied voltages of 0.4, 0.6, 0.8, 1, and 1.2 V
for cell regeneration and 0 V (short circuit) for ion adsorption. In a separate set of experiments,
we fixed the regeneration voltage and used different nitrate to chloride inlet concentrations. To
this end, we applied 1V in regeneration and 0V in adsorption steps with a feed solution of
2 mM NaNOs3 mixed with 2, 4, or 8 mM NaCl. The duration of each regeneration or adsorption
step in all experiments was 2 h. We collected effluent in aliquots accumulated over 10 min
intervals and saved into separate containers using a fraction collector (Model 2128, Bio-Rad,
CA). The ionic content of each sample was then measured using ion chromatography (DIONEX

DX 500, DIONEX, CA) at the Stanford ICP-MS/TIMS Facility.
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3.2.3 Up-concentration experiment

To demonstrate ion selective capacitive desalination, we fabricated a second, higher-capacity
cell. This second cell was similar to that in Section 3.2.2 but featured three pairs of electrodes
(three CTA-AC and three DBS-AC electrodes) with a total dry mass of 0.84 g. We use this cell to

i

demonstrate and study a multi-pass, air-flush mode which we term “up-concentration”
operation of our CTA-AC/DBS-AC system.

The up-concentration experiments were as follows. First, in the adsorption step, we fed a
solution of 2 mM NaNOs and 2 mM NaCl at a 4 ml min! flow rate for 4 h and applied 0V to the
cell. A single-pass flow was used in this adsorption step, i.e. the solution passed through the cell
once, and effluent was collected in a reservoir. After the adsorption step the cell was emptied
of solution by pumping air into the system, while a voltage of 0 V was applied to the cell. Next,
we performed a closed-loop circulation step by connecting the cell to a second reservoir, which
we herein call brine reservoir (flow at 8 mL min™ from the brine reservoir to the cell and back to
the brine reservoir). This brine reservoir was initially filled with 154 mL of DI water. During
regeneration, a voltage of 1V was applied to the cell (negative lead to CTA-AC and positive lead
to DBS-AC electrode) for 4 h to desorb the nitrate and chloride ions into the brine reservoir. To
minimize cross-contamination, the solution in the cell and tubing was then emptied to the brine
reservoir by flowing air into the system. At this point, we collected an 0.4 mL sample from the
reservoir for the IC measurement. We repeated this process eight times and measured the

nitrate and chloride content of the brine reservoir using IC. We show the results of this selective

up-concentration experiment in Section 4.4.
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4. Results and discussion

4.1 Quantification of intrinsic selectivity

As described in Section 3.2.1, we exchanged bromide initially on a sample of CTA-AC electrode
with chloride. We then placed 50 mg pieces of treated electrodes into 8 containers filled with

24 mL NaN0O, of various concentrations (0.3 to 3 mM). Nitrate and chloride content of the

solutions was then measured with IC after 24 h equilibration time. Figure 2 shows adsorption

equilibrium of nitrate and chloride in the micropores (CCTANO3/CCTAC1) on the ordinate versus

that of nitrate and chloride in the solution phase (cN,/cC],) on the abscissa. Final
3

concentrations of nitrate and chloride in the solution phase (CNO, and c__) were directly and
3

ClI”
independently measured using IC. Micropore concentration of nitrate and chloride was

calculated indirectly using the following relation.

Cerano, oy ™ Vsot xo;
- (25)
Cerac nBr, Vool Ccr

where Mo is amount (moles) of nitrate ions added to the solution and ;- is amount (moles)

of released bromide initially bound to CTA-AC electrode. The latter is approximately equal to
amount of exchanged chloride, we measured this quantity in Section 3.2.1. In Figure 2, markers
show experimental results and solid line is linear regression based on the mean squared error

(R? = 0.9952). Based on slope of regression line, the intrinsic selectivity coefficient of nitrate

with respect to chloride is approximately 7.7. We will use this measured intrinsic selectivity

coefficient in the model as k,,,, = Ko /Ky, ®7.7.
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346  Figure 2. Controlled, ex-situ experiment to determine intrinsic selectivity of nitrate over
347  chloride. CTA-AC is soaked in high concentration NaCl solution to have a well-known initial
348  condition. The abscissa is the ratio of nitrate to chloride ions in solution. The ordinate is the
349  ratio of nitrate to chloride ions inside the pores.

350

351 4.2 Selective ion removal in i-CDI operation

352 4.2.1 Dynamicion adsorption

353  Figure 3 shows the dynamic model prediction for nitrate and chloride, and measurements at
354  the outlet of our i-CDI cell (discussed in Section 3.2.2) for the case of 0.4, 0.6, 0.8, 1.0, and 1.2V
355  regeneration and 0V adsorption with 2 mM NaNOs and 2 mM NaCl feed solution. Markers are
356 experimental data measured by IC. During regeneration step, a portion of chemically- and
357  electrically-adsorbed chloride and nitrate are expelled from CTA-AC electrode and are flushed
358 from the cell. Similarly, sodium ions are expelled from DBS-AC counter electrode. Also, the
359 regeneration phase for nitrate has longer duration than that of the chloride in order to account
360 for the higher affinity of quaternary ammonium groups towards nitrate. Higher affinity implies

361 a larger number of moles of nitrate in the functional groups. As discussed in our previous
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381

work,(Diego I. Oyarzun et al., 2018; Palko et al., 2017) the anionic surfactant on DBS-AC counter
electrode provides an electrostatic shield against re-adsorption of nitrate and chloride. We
stress that this treatment is thus a critical component of our desalination system.

In the adsorption step (at 0 V), chloride and nitrate are removed from the solution at different
rates consistent with mass transport dynamics coupling with the different intrinsic anion
selectivity of CTA-AC. At the beginning of adsorption, nitrate and chloride concentration both
drop rapidly. At longer times, however, chloride concentration approaches the inlet value
noticeably faster than nitrate. Moreover, chloride concentration increases beyond the inlet
value shortly after start of adsorption step, while nitrate concentration stays below the inlet
value during the adsorption step. This behavior is strong evidence of ion exchange on CTA-AC
surface. A similar phenomenon is also observed in adsorption of cations of different valence

and hydrated radii (such as Na*, Mg?*, and Ca®*) in traditional CDI operation.(Dykstra et al.,

2016; Seo et al., 2010; Suss, 2017; Zhao et al., 2012)

ol

In Figure 3, solid lines are the model predictions using Ky, = 10 m?f and Kr-ms =77 as

PRt
fitting parameters. X is determined using the measured intrinsic selectivity k., # 7.7 as

Kqy = Kyo, /k... (Eq. (20)). Parameters and other constants used are listed in Table S1 of the SI.

The model predictions of selectivity agree well with IC measurements of effluent
concentrations, particularly during the adsorption step. The model further captures the ionic
exchange between chloride and nitrate ions during adsorption. At higher regeneration voltages

the model predictions for effluent chloride dynamics during the regeneration phase deviate
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somewhat from the respective measurements. We hypothesize that this discrepancy at higher
voltages is due to a competition with a third species, hydroxide, which may be generated by

Faradaic reactions.
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Figure 3. Cyclic adsorption of nitrate and chloride using electrical regeneration. Time series

showing independently measured values of NO,” and Cl concentration versus time in the
same effluent stream. Input concentrations is 2 mM NaNO; and 2 mM NacCl, and constant flow

rate Q = 0.43 mL minl. Shown together with data are predictions from the multi-species model

(solid lines). Each cycle is labeled with the applied voltage of the regeneration step. Each

measured full cycle (regeneration and adsorption step) correspond to the fourth cycle. First,

second, and third cycle were discarded to ensure dynamic steady state.

4.2.2 Effect of regeneration voltage and ratio of concentrations in cycle selectivity

Figure 4a and 4b summarize nitrate and chloride adsorption capacity of our cell (umol of
anions) as a function of respectively regeneration voltage and ratio of feed nitrate
concentration over chloride concentration. Nitrate concentration was fixed (2 mM) in all the

experiments and chloride concentration varied between 2 to 8 mM. Markers are experimental
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420

measurements for each species. Figure 4c shows cycle selectivity for feed chloride
concentration from 2 to 8 mM at fixed (2 mM) feed nitrate concentration and regeneration
voltage of 1V. Cycle selectivity slightly increases with high feed chloride concentration.

Figure 4d shows cycle selectivity at regeneration voltages from 0.4 to 1.2 V. At 0V adsorption,
cycle selectivity approaches the intrinsic selectivity value as expected. Experiments show cycle
selectivity (defined in eq. 24) decreases with regeneration voltage magnitude. The applied
electronic charge, during regeneration, at the carbon surface is sufficient to electrostatically
repel both anionic species from the surface with no observable preference, i.e. fraction of
desorbed ions is proportional to total moles present on the AC. This implies that the estimated
ions released into the stream during regeneration is a strong function of applied voltage and a
weak function of the current cell ion concentration. This non-selective desorption mechanism
produces available sites proportional to the initial ratio of species on the porous at the
beginning of the regeneration step. A higher desorption voltage produces more available sites
on the CTA-AC electrode for both nitrate and chloride. However, due to the presence of
guaternary ammonium functional groups on the CTA-AC electrode, nitrate is simultaneously re-
adsorbed to the CTA-AC electrode. Further, in Figure 3, we observe a net deficit of chloride at
the effluent during the regeneration (concentration bellow the inlet concentration of chloride).
This suggests re-adsorption of chloride ions on the DBS-AC counter electrode during the
regeneration. Selectivity data shown in figure 4 d, as discussed in section 3.2.2 corresponds to
2h charge and 2 h discharge time. According to figure 3, for high regeneration voltages cases,

exchange of chloride with nitrate is incomplete (nitrate and chloride concentrations are far
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421 from baseline at the end of adsorption step). We believe that a longer cycle time will lead to a

422  complete exchange, which in turn, can increase cycle selectivity in those cases.
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424  Figure 4. Cyclic selectivity under various operational modes. a) and c) show salt adsorption
425  capacity for nitrate and chrolide, and cycle selectivity at 2:8, 2:4 and 2:2 ratios of initial
426  concentrations. Nitrate was fixed at 2 mM while chloride was 2, 4 and 8 mM. Regeneration
427  voltages where fixed at 1V. b) and d) show specific salt adsorption for nitrate and chrolide as
428  well as cycle selectivity at different regeneration voltages. Inlet concentration was constant at
429  2mM nitrate and 2mM chloride. Flow rate was a constant of 0.43 mL min™.

430

431 4.3 Up-concentration: A high water recovery method for selective ion removal using i-CDI
432  High water recovery (WR) is beneficial for water treatment processes. However, WR in CDI

433  applications is usually around 50%. In this section, we present an operation method for
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CDI/i-CDI to increase WR and simultaneously concentrate the high-affinity ion in a fixed volume
of regenerated brine. The method we present here can be used to concentrate rare species. In
our approach the brine reservoir volume was chosen to be much smaller than the volume of
the electrode. Figure 5 shows concentration of chloride and nitrate in brine reservoir at the end
of first eight cycles. Markers are measured values and lines are least square regressions with

F? = (.97 for chloride and 0.99 for nitrate. Concentration of ions in the reservoir linearly

increases up to respectively 1.7 and 3 mM for chloride and nitrate by the end of last (8th) cycle.
This is equivalent to an average increase of about 2.1 mg g (37 umole g) NaCl and 5.9 mg g*
(70 umole g) NaNOs per cycle (based on dry mass of all electrodes). The (molar) cycle
selectivity of nitrate with respect to chloride is thus about 1.9, smaller than 7.7 intrinsic
selectivity and even 3.0 cycle selectivity in i-CDI experiment in Section 5.2 (at similar 1 V voltage
level). We hypothesize this decline in cycle selectivity, in part, is due to incomplete air flush step
(solution is partially removed from tubing and the cell interior). This is particularly true for the
smallest pores which have the highest capillary pressure. Moreover, the partially-wet
macropores of the electrode after the air flush step have similar nitrate and chloride
concentrations. This increase mixing with the brine reservoir solution during the subsequent
regeneration step and thus reduces the nitrate selectivity. But nonetheless, Figure 5 shows
successful selective removal of nitrate from feed solution and storage in a brine reservoir. Since
we use a fixed brine volume and an open cycle to remove ions, WR increases from 86% at the
end of first cycle to 98% at the end of the eighth cycle. We observe a linear relationship up to
the eighth cycle; however, we expect a deviation from linear after more cycles due to

concentration equilibrium between microporous and brine concentration.
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Figure 5. Nitrate and chloride concentration increment in the regeneration reservoir as a
function of number of a completed cycle. Each cycle has an (1) open circuit adsorption, (2) air
flush, (3) close loop reservoir desorption, and (4)air flush. Air flush between steps was
performed to reduce cross-contamination. Red squares and blue circles are nitrate and chloride

concentration, respectively.

5. Conclusions

We showed a nitrate selective i-CDI system with simple functionalization of electrodes with
surfactants. The active electrode was functionalized with CTAB and the counter electrode with
SDBS. We first measured the intrinsic selectivity of CTA-AC for nitrate over chloride to be ~7.7
using a controlled ex-situ experiment. We defined cycle selectivity as a parameter which takes
into consideration the coupling of electrostatics and mass transport limitations. Our
experiments showed that an increase in regeneration voltage magnitude decreases cycle
selectivity. In the limiting case, at 0V, cycle selectivity approaches intrinsic selectivity, as
expected. We developed a dynamic model to predict the dynamic steady state of

adsorption/regeneration of a i-CDI system with functionalized electrodes. Our model assumes a
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predominant effect of surface groups over native weak electrolyte surface charge groups on the
AC surface. Our model presents good agreement with IC measurements of dynamic steady
state for the low affinity (Cl-) and high affinity (NO3-) ion.

We explored a method of increasing water recovery while increasing the concentration of the
high-affinity species (here, nitrate) over that of lower affinity species (chloride). To this end, we
implemented a novel multi-pass, air-flush i-CDI operation of our functionalized cell design.

We showed nitrate ions are preferentially adsorbed to the positive electrode from the feed
solution (during adsorption step). Subsequently, we used an air-flush step to minimize cross-
contamination and then desorbed the ions into a small (154 mL) brine reservoir. We showed a
successful selective nitrate separation from the feed solution to brine reservoir with selectivity

of about 1.9.
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