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Abstract10

Capacitive deionization (CDI) is a promising technique for salt removal and may have potential 11

for highly selective removal of ion species. In this work, we take advantage of functional groups 12

usually used with ionic exchange resins and apply these to CDI. To this end, we functionalize 13

activated carbon with a quaternary amines surfactant and use this surface to selectively and 14

passively (no applied field) trap nitrate ions.  We then set the cell voltage to a constant value to 15

regenerate these electrodes, resulting in an inverted capacitive deionization (i-CDI) operation. 16

Unlike resins, we avoid use of concentrated chemicals for regeneration. We measure the 17

selectivity of nitrate versus chloride ions as a function of regeneration voltage and initial 18

chloride concentration. We experimentally demonstrate up to about 6.5-fold (observable) 19

selectivity in a cycle with a regeneration voltage of 0.4 V. We also demonstrate a novel multi-20

pass, air-flush i-CDI operation to selectively enrich nitrate with high water recovery. We further 21

present a dynamic, multi-species electrosorption and equilibrium solution-to-surface chemical 22
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reaction model and validate the model with detailed measurements. Our i-CDI system exhibits 23

higher nitrate selectivity at lower voltages; making it possible to reduce NaNO3 concentrations 24

from ~170 ppm to below the limit of maximum allowed values for nitrate in drinking water of 25

about 50 ppm NaNO3.26

Keywords27

Ion Selectivity, Capacitive Deionization, Nitrate, Surface Charge, Surfactant Treatment28

29

1. Introduction30

Lack of accessible clean water is a growing concern worldwide. Selective ion removal can play a 31

crucial role for the extraction of ionic contaminants and/or rare metal ions from aqueous 32

solutions and reduce the cost of treating water. Nitrate is an example of a common potentially 33

toxic anion in brackish water.(Bouchard et al., 1992; Inoue-Choi et al., 2014; Jones et al., 2016)34

Thus, highly selective desalination is relevant for point-of-use water purification systems and 35

industrial applications. Widely used techniques for removal of organic and inorganic 36

contaminants include reverse osmosis (RO),(Richards et al., 2011; Xie et al., 2012) forward 37

osmosis (FO),(Kumar and Pal, 2015) electrodialysis (ED), nanofiltration (NF),(Ghaemi et al., 38

2018) and ionic exchange resins.(Samatya et al., 2006; Xu et al., 2012) Membrane technologies 39

such as RO or FO are predominantly used for sea water desalination and often have significantly 40

high salt rejection (98% or higher (Chekli et al., 2016; Jamaly et al., 2014; Subramani and 41

Jacangelo, 2015; Zhao et al., 2017)). However, such technologies are not readily optimized for 42

treatment of lower salinity streams such as brackish water or in applications targeted towards 43

removal of specific ions in the solution.(Werber et al., 2016) Ion exchange resins are one 44
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alternative method. Charged groups on the surface of the resins are initially electrostatically 45

shielded by low-affinity ions (e.g., Cl-), but can then adsorb higher affinity ions (e.g., NO3
-) via 46

ion exchange. This affinity is currently not sufficiently well understood for first-principles 47

predictions of quantitative affinity, but adsorption kinetics are known to be influenced by ion 48

size and electronic structure, and the associated interaction with ionic surface groups.(Harland, 49

1994) Although use of ion exchange resins is promising for selective ion removal, it suffers from 50

significant drawbacks. Most notably are the requirement for high concentration chemicals 51

used during regeneration, and the disposal of these chemicals after regeneration.52

Capacitive deionization (CDI) and sub-categories such as inverted capacitive deionization (i-CDI) 53

and membrane capacitive deionization (MCDI) are electrochemical techniques which use 54

electrosorption to adsorb/desorb ions onto/from high surface area electrodes. Specifically, in 55

CDI a potential is applied to electrostatically adsorb ions; while in i-CDI native surface charges 56

on porous electrodes are used to adsorb ions (e.g. with no applied potential), and an external 57

potential is then applied to regenerate the electrode(s). CDI and i-CDI have been mainly focused58

on reduction of salinity, but recent efforts have explored removal of specific ionic contaminants59

from water.(Farmer et al., 1996; Oren, 2008; Seo et al., 2010) CDI and i-CDI offer advantages 60

over ion exchange resins in that they require no highly concentrated chemicals for61

regeneration. In i-CDI, an electric field is applied to regenerate the cell, and this also implies the62

possibility of energy recovery during the adsorption step.(Gao et al., 2015)63

Selective ion removal has been an active area of research in CDI community in recent years. The 64

selectivity of adsorption has been attributed mainly to ion valence and steric effects,(Han et al., 65

2014; Hou et al., 2008; Hou and Huang, 2013; Li et al., 2016; Seo et al., 2010) and the 66
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interaction between nanoporous size and hydrated radius also seems to play a significant 67

role.(Han et al., 2014; Hou et al., 2008; Hou and Huang, 2013; Li et al., 2016; Nie et al., 2011)68

Selectivity has been demonstrated experimentally for lithium,(Lee et al., 2017; A Siekierka et 69

al., 2017; Anna Siekierka et al., 2017; Siekierka and Bryjak, 2017) nitrate,(Tang et al., 2016a, 70

2016b) and fluoride removal.(Lado et al., 2017; Tang et al., 2015; Yeo and Choi, 2013) However, 71

these studies relied on the intrinsic selectivity of pristine activated carbon surfaces (Han et al., 72

2014; Hou and Huang, 2013; Seo et al., 2010). Other studies (Kim et al., 2013; Kim and Choi, 73

2012) coated the surface of the activated carbon electrodes with an anion-exchange resin 74

which then served as an ion selective barrier (this is discussed further below).75

In previous work, we used nitrate selective moieties of a type shown to be effective for nitrate 76

selective extraction using ion exchange resin absorbents.(Diego I. Oyarzun et al., 2018; Palko et 77

al., 2017; Wheaton and Bauman, 1951) The physical mechanism for adsorption of these 78

moieties relies on the ionic exchange of the selective surface group, a quaternary ammonium. 79

Such surface groups are initially weakly bound to a low-affinity counter charged ion (i.e. 80

chloride).  Upon exposure to a solution containing a high-affinity ion (i.e. nitrate), there is an 81

exchange between the low-affinity chloride with the high-affinity nitrate.  The system of Palko 82

(Palko et al., 2017) was very limited in practicality and energy efficiency since only a single 83

electrode was functionalized, and the counter electrode sustained a Faradaic reaction to drive 84

overall current in the cell.  This significant drawback was addressed by Oyarzun et al.(Diego I. 85

Oyarzun et al., 2018) who functionalized one electrode with cetyltrimethylammonium bromide 86

(CTAB) and the second with sodium dodecylbenzenesulfonate (SDBS), hence a more complete i-87

CDI cell.  Despite this, the latter study was also limited in several ways.  First, the measurements 88
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quantifying adsorption and desorption were for pure sodium nitrate solutions, and so no 89

selectivity was demonstrated.  Second, the study presented no theory capable of predicting the 90

dynamic steady state of the multi-species adsorption and desorption dynamics. Third, the study 91

provided no way to continuously enrich selectively adsorbed nitrate in multiple cycles (or air 92

flushing of any kind).  These three shortcomings are addressed in the current work. 93

We note that the current functionalization differs significantly from the work of (Kim et al., 94

2013; Kim and Choi, 2012) in that we here use no anion-exchange barrier or membrane (or 95

absorbance medium) of any kind to treat the activated carbon. Instead, we adsorb (to the 96

surface of) CTAB and SDBS to the electrodes to achieve a selective adsorption function.  In our 97

approach, ions neither cross a membrane barrier nor are absorbed into any medium, but 98

instead are adsorbed directly to a treated surface.  As mentioned above, we also address 99

shortcomings of the work of Palko (Palko et al., 2017) and Oyarzun (Diego I. Oyarzun et al., 100

2018) by providing a theoretical framework to model the competition of adsorption 101

(desorption) of multispecies, by quantifying the simultaneous (and competitive) adsorption of 102

chloride versus nitrate ions, and by exploring a novel recirculation method to selectively 103

preconcentrate species. To this end, we explore the competition between the low affinity ion 104

(chloride) and the high affinity ion (nitrate) onto the CTAB-functionalized electrode. CTAB has 105

been used for the selective removal of nitrate over chloride in (permeable) ion exchange 106

membranes (Barron and Fritz, 1984) but not in i-CDI.  We study experimentally the effect of 107

regeneration voltage and inlet concentrations on ion removal using species-specific ion 108

chromatography (IC) quantification of the outlet stream species. As we shall see, we achieve 109
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high values of selectivity and demonstrate an dynamic model useful to selectively remove ions 110

and reduce ion concentrations below regulations limits.(World Health Organization, 2011)111

We also present a model to guide our design and optimize our system.  A number of models 112

have been presented to explain selectivity, and these have focused on either ion size effects 113

(compared to pore structure) (Suss, 2017) or on ion valence and its effect on 114

electrostatics.(Zhao et al., 2012) The latter models lack a detailed treatment (including 115

competitive selectivity) of the differing affinity of surface groups of the activated carbon 116

surface. We here expand on the steady-state model presented by Hemmatifar et al. 117

(Hemmatifar et al., 2017a) to model and study the effect of surface treatment on ion 118

adsorption. Additionally, we perform experiments and develop time-dependent predictions of 119

the dynamics of ion-selective desalination. Our model combines a Donnan treatment for 120

electric double layers and electrosorption Langmuir-type equilibria.  Our electrostatics 121

treatment includes chemical surface charge for functionalized activated carbon which we 122

incorporate as a first order, species-specific equilibrium reaction model for adsorption. We 123

model transport through the cell using a well-mixed reactor model.124

2. Theory125

2.1 Equilibrium model for ion selectivity126

We recently developed a weak electrolyte equilibria model for activated carbons with charged 127

functional groups and showed effect of pH on carbon’s surface charge and its ability to adsorb 128

in the absence of applied electric fields.(Hemmatifar et al., 2017a) This is in contrast with 129

contributions where chemical adsorption has been modeled using a constant surface 130

charge.(Biesheuvel et al., 2015; Dykstra et al., 2017; He et al., 2018; Mubita et al., 2018) We 131
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here show a modification of such a model and demonstrate (competitive) adsorption selectivity 132

of ions onto the surfactant-treated carbon surfaces.  We make the following assumptions: 133

(1) moderate pH range (4 to 10) (Persat et al., 2009) such that salt concentration is considerably 134

larger than that of hydronium and hydroxide ions and (2) surfactant functional groups 135

dominate the native, weak-electrolyte surface charge groups associated with the bare 136

carbon.(Hemmatifar et al., 2017a)  The latter assumption implies that the chemical surface 137

charge on the electrode is primarily due to strong electrolyte behavior of the surfactants. In 138

Section 4.2, we show validity of these two assumptions for the current study. A more general 139

formulation of the model which includes pH effects is presented in Section S1 of the 140

Supplementary Information.141

Next, we model the intrinsic affinity of anionic species (i.e. chloride and nitrate ions) to CTAB-142

treated activated carbon electrode (CTA-AC) with equilibrium reactions of the form143

Cl

CTACl CTA Cl
K

 � (1)

NO3

3 3CTANO CTA NO
K

 � (2)

and intrinsic affinity of cationic species (i.e. sodium ions) to SDBS-treated electrode (DBS-AC) as144

Na

DBSNa DBS Na
K

 � (3)

where , , and are equilibrium constants for adsorption of chloride, nitrate, and 145

sodium ions, respectively, and can be written as 146

Cl CTAClCTA ,Cl ,A
/

m
K c c c  (4)

3 33
NO CTANOCTA ,NO ,A

/
m

K c c c  (5)

Na DBSNaDBS ,Na ,C
/

m
K c c c 

. (6)
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Here, , , , , and are the concentrations of the respective 147

surfactant species (in units of moles per micropore volume), and , , and 148

are micropore concentrations of chloride and nitrate ions in CTA-AC and sodium ions in DBS-AC, 149

respectively.  The subscript denotes micropore and and denote active and counter 150

electrode (the micropore vs. macropore treatment of electrodes is discussed at the start of the 151

next section). Species conservation can be written in terms of the analytical concentrations of 152

surfactant groups on CTA-AC electrode ( ) and DBS-AC electrode ( ) as153

3CTA,0 CTA,0 CTACl CTANOCTA
/ mc N v c c c    (7)

DBS,0 DBS,0 DBSNaDBS
/ mc N v c c   (8)

where and are net amount (moles) of surfactant on CTA-AC and DBS-AC 154

electrodes, and is the micropore volume. Note, CTA-AC and DBS-AC electrodes have positive155

and negative chemical charge, respectively. The chemical charge density of surfactants on the 156

electrodes can then be written as 157

3

3

1

,NO,Cl

,A CTA,0CTA
Cl NO

1
mm

chem

cc
Fc Fc

K K







 

    
 
 

(9)

1

,Na
,C DBS,0DBS

Na

1 m
chem

c
Fc Fc

K







 

      
 

(10)

where is Faraday’s constant. 158

159
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2.2 Electric double-layer model160

We use a Donnan model for description of electronic double layer (EDL), where the micropore 161

EDLs are treated as strongly overlapping.(Biesheuvel et al., 2011; Hemmatifar et al., 2015) A 162

detailed description of this model is given in our recent work;(Hemmatifar et al., 2017a) so we 163

here summarize the important results. Concentration of ions within the micropores can be 164

related to that of macropores (outside EDLs) with a Boltzmann distribution of the form165

, , , 3exp( / ) Cl , NO , Na , A,Cm i j i i D j Tc c z V i j        (11)

where is micropore concentration of ion (chloride, nitrate, or sodium ions) in the 166

electrode (A for anode and C for cathode), and are the corresponding macropore 167

concentration and valence of ion , and is Donnan potential in the electrode . The 168

chemical, ionic, and electronic charge density add up to zero in each electrode (i.e. net neutral 169

charge compensation) as in170

, , , 0 A , Cchem j ionic j elec j j      (12)

Where , , ,ionic j i m i ji
F z c   is the ionic and , ,elec j m m jC   is the electronic charge density of 171

electrode , respectively ( and being volumetric capacitance and micropore potential 172

drop). Under the assumption of negligible Faradaic reactions, the right-hand side of eq 13 is 173

zero, and so current conservation requires that174

,A ,A ,C ,C 0m elec m elecv v   (13)

175
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2.3 Mass transport equations176

We here assume an open-loop i-CDI system with continuous flow from reservoir to the cell with177

constant feed concentration. We assume a well-mixed reactor model with first-order kinetics178

for functional groups on CTA-AC and DBS-AC electrode (as described in Section 4.1). For our 179

multi-species system, the mass transport equations for chloride and nitrate ions can thus be 180

written as 181

 Cl
CTAClCl ,0 Cl ,Cl ,A ,Cl ,C

( )cell m m m

dc d
v Q c c v c c c

dt dt



        , (14)

 3

33 3 3 3

NO

CTANONO ,0 NO ,NO ,A ,NO ,C
( )cell m m m

dc d
v Q c c v c c c

dt dt



        , (15)

where and are the effluent concentrations of chloride and nitrate ions, is cell 182

volume, and is the flow rate. For the third species (here, sodium) we invoke electroneutrality 183

condition and relate concentration of to that of and as184

3Na Cl NO
c c c    , (16)

2.4 External circuit185

We now couple mass transport equations above with the external circuit. First, the external 186

applied voltage can be related to anode and cathode potentials ( and ) as 187

  ,A ,A ,C ,C( ) ( )ext ext s D m D mV t I R            , (17)

with
A C ,A ,A ,C ,C( ) ( )D m D mV V             . Here, extI is the external current measured 188

with a sourcemeter, and is the net series resistance in the system (including resistance of 189

wires, electrode-current collector contact resistance, and resistance of solution in spacers). For 190
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simplicity, we model the resistance as sum of electronic resistance and ionic 191

resistance  . We model the latter as 192

3 3

0
,

Na Na Cl Cl NO NO

s ionicR
c c c



  


 
(18)

where 0 , Na , Cl , and 
3NO are constants that relate ionic concentrations to ionic resistance 193

of the cell. Finally, the applied voltage to the two-electrode i-CDI system can be written as 194

,A ,A ,C ,C( ) ( )cell ext s D m D mV I R             (19)

195

2.5 Intrinsic and cycle ion selectivity196

In the ion-exchange resin literature, the selectivity of an ion relative to another is often197

characterized using a selectivity coefficient defined as the ratio of enrichment factors for the 198

two ions of interest, or equivalently, ratio of equilibrium constants. By enrichment factor, we 199

mean ratio of concentration on the exchanger (stationary phase) over concentration in the 200

external solution (mobile phase).(Hasnat and Juvekar, 1996; Helfferich, 1962) This parameter is 201

measurable only in controlled and near-equilibrium conditions, and so we hereafter refer to 202

this coefficient as the intrinsic selectivity coefficient.  For example, this intrinsic parameter is 203

strictly only valid and observable in the absence of an applied voltage to the cell. As an 204

example, the intrinsic selectivity coefficient of nitrate with respect to chloride on CTAB-treated205

electrode can be written as206

33 3
CTANONO NO

Cl CTACl Cl

/

/
int

c cK
k

K c c





  (20)
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where and are concentrations in external solution in the case of no applied voltage 207

(note, in general, this is different from zero voltage). The external voltage can alter this intrinsic 208

selectivity towards higher or lower selectivity coefficient values. The set of equations in 209

Sections 2.1 to 2.3 can be solved to calculate the modified selectivity coefficient (due to applied 210

voltage), for which we here propose the following definition:211

3 3 3
CTANO NO NO

CTACl Cl Cl

( ) /

( ) /
int

c c c
k

c c c

 

 

 



 (21)

or, equivalently, using mass conservation equations (15) and (16), as212

3 3 3NO ,0 NO NO

Cl ,0 Cl Cl

( ) /

( ) /
int

c c c
k

c c c

  

  





 (22)

where and are excess micropore concentrations (increase in concentrations with 213

respect to external solution) due to applied voltage and can be written as 214

(for ). Note that in the absence of external voltage, 215

micropore and external solution concentrations are equal (i.e. for and 216

). So, and is recovered.217

We note that intrinsic selectivity coefficients ( and ) solely quantify preferential 218

adsorption by chemical affinity. In CDI applications, however, the observable (in effluent) 219

selective adsorption of one species versus others is determined by the dynamics of the coupled 220

effects of this chemical affinity with electrosorption and mass transport.  For example, CDI 221

requires a regeneration (or desorption) step for cyclic operation, so that the achievable222
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selectivity of both the adsorption and regeneration steps is influenced by the operational 223

parameters of the CDI cell. In this work, we chose an operation scheme wherein surfactant-224

treated electrodes is used for selective adsorption of nitrate ions and this is then followed by a225

non-selective regeneration step. To quantify the preference of the CDI cell for nitrate ions in 226

the voltage window (regeneration voltage) to (adsorption voltage), we define the new 227

parameter we term the cycle selectivity coefficient . For a closed-loop system, we define 228

cycle selectivity coefficient as229

3 3 3NO NO NO ,0

Cl Cl Cl ,0

( ) ( ) /

( ) ( ) /

reg ads

cylce

reg ads

c V c V c
k

c V c V c

  

  

 
 
  

(23)

where numerator is relative change in concentration of nitrate in the external solution 230

measured at the end of adsorption and regeneration steps. A brief analytical development of 231

this expression is given in the SI.  Note the denominator is the relative change for chloride ions.232

For open-loop systems, cycle selectivity coefficient can be calculated as233

3 3

3

NO ,0 NOCl ,0 0

NO ,0 Cl ,0 Cl0

( ( ))

( ( ))

ads

ads

t

cylce t

c c t dtc
k

c c c t dt

 


 









(24)

where and are time-varying effluent concentration of nitrate and chloride, and 234

is duration of adsorption step. Note that can attain values very different (and 235

significantly larger) than the intrinsic selectivity. For example, we will show in Section 4.2 that,236

for small voltage window, the equilibrium concentration of chloride in the external solution in 237
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adsorption step is very close to that of the regeneration step. This results in very large cycle 238

selectivity but, as we shall see, this is at the cost of low salt adsorption capacity.239

240

3. Materials and methods241

3.1 Materials242

We used commercially available activated carbon electrodes (Material Methods LLC., 243

PACMM™ 203, Irvine, CA) and modified the surface charge of the activated carbon with anionic 244

and cationic surfactants. Half of the pristine electrodes were functionalized with cetrimonium 245

bromide (CTAB, CH3(CH2)15N(CH3)3Br) cationic surfactant in order to enhance their anion 246

adsorption capacity. The electrodes were soaked in 500 mL solution of 10 mM CTAB for 12 h, 247

thoroughly rinsed with deionized (DI) water, and dried. We refer to this CTAB-treated activated 248

carbon as CTA-AC from this point forward. The rest of the pristine electrodes were 249

functionalized with sodium dodecyl benzene sulfonate (SDBS, CH3(CH2)11C6H4SO3Na) anionic 250

surfactant to increase their cation adsorption capacity. Similarly, the electrodes were soaked in 251

500 mL of 10 mM SDBS solution for 12 h, rinsed with deionized (DI) water, and dried. We refer 252

to SDBS-treated activated carbon as DBS-AC. The uptake of CTAB and SDBS by electrodes was 253

approximately 446 and 489 mg (1.2 and 1.4 mmole) per g of electrodes measured by a total 254

organic carbon analyzer (TOC-L autoanalyzer, Shimadzu, Kyoto, Japan).255

256



15

3.2 Experimental setup257

3.2.1 Intrinsic selectivity experiment258

To calculate the intrinsic selectivity of the CTA-AC electrode for nitrate with respect to chloride, 259

we performed the following adsorption equilibrium experiment. First, a sample of CTA-AC 260

electrode was soaked in 150 mM NaCl for 24 h in order for to replace that was 261

originally on the electrode surface. The process was repeated for a second time to exchange as 262

much as possible with . The total of exchanged bromide was 1.14 mmole per g of 263

electrodes, which is~95% of the initial CTAB uptake. Activated carbon electrodes were then 264

washed with DI water and dried. Next, eight containers were filled with 24 ml of sodium nitrate 265

solution with concentrations between 0.3 to 3 mM, and 50 mg of activated carbon was added266

to each container. The containers were sealed and gently agitated for 24 h, and the equilibrium 267

concentration of nitrate and chloride was measured with IC.268

269
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270

Figure 1. Schematic of the i-CDI cell used in this study.  One electrode (labeled CTA-AC) is 271

treated with CTAB and a counter electrode (DBS-AC) is treated with SDBS. (a) Schematic of the 272

regeneration step at constant voltage of the i-CDI cell. The applied bias forces electrons to 273

migrate from DBS-AC to CTA-AC. Electrons driven toward CTA-AC repel Cl- and NO3- ions, while 274

holes driven toward DBS-AC repel Na+ ions. This process leaves an available surface charge in 275

both electrodes (DBS-AC to CTA-AC). (b) Schematic of a simple short-circuit adsorption process.276

, , and ions are adsorbed, forcing migration of electrons from CTA-AC to DBS-AC.277

278

3.2.2 i-CDI experiments279

Figure 1 shows the schematic of the i- CDI cell. Our i-CDI cell utilizes a radial inflow geometry 280

wherein feed solution is injected into the system from the periphery of the stack of circular 281

electrodes. The solution then flows radially inward between the electrode layers (through 282

separators) and electrosorption or desorption occurs. The desalted (brine) solution then exits 283
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the system from the center of the porous electrode stack in a direction normal to the planes of 284

the electrodes. See Hemmatifar et al.(Hemmatifar et al., 2017b); Oyarzun et al.(D.I. Oyarzun et 285

al., 2018) and Palko et al.(Palko et al., 2017) for descriptions of similar CDI cell architectures.286

We fabricated a flow-between i-CDI cell using a single pair of surfactant-treated electrodes with 287

3.5 cm diameter, ~300 thickness, and a total dry mass of 0.28 g. We used 50 thick 288

titanium sheets as current collectors and a 300 thick woven plastic mesh (McMaster-Carr, 289

Los Angeles, CA) as a spacer between the electrodes. Our i-CDI experimental setup consisted of 290

the i-CDI cell, a 3 L reservoir, a sourcemeter (Keithley 2400, Cleveland, OH), and a peristaltic 291

pump (Watson Marlow 120U/DV, Falmouth, Cornwall, UK). To exchange the bromide initially 292

on CTA-AC electrode, we applied 0 V to the cell and maintained a continuous 0.23 ml min- 1 flow 293

of 2 mM NaNO3 and 2 mM NaCl for 12 h. We then applied voltages of 0.4, 0.6, 0.8, 1, and 1.2 V 294

for cell regeneration and 0 V (short circuit) for ion adsorption. In a separate set of experiments, 295

we fixed the regeneration voltage and used different nitrate to chloride inlet concentrations. To 296

this end, we applied 1 V in regeneration and 0 V in adsorption steps with a feed solution of 297

2 mM NaNO3 mixed with 2, 4, or 8 mM NaCl. The duration of each regeneration or adsorption 298

step in all experiments was 2 h. We collected effluent in aliquots accumulated over 10 min 299

intervals and saved into separate containers using a fraction collector (Model 2128, Bio-Rad, 300

CA). The ionic content of each sample was then measured using ion chromatography (DIONEX 301

DX 500, DIONEX, CA) at the Stanford ICP-MS/TIMS Facility.302

303
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3.2.3 Up-concentration experiment304

To demonstrate ion selective capacitive desalination, we fabricated a second, higher-capacity305

cell.  This second cell was similar to that in Section 3.2.2 but featured three pairs of electrodes 306

(three CTA-AC and three DBS-AC electrodes) with a total dry mass of 0.84 g. We use this cell to 307

demonstrate and study a multi-pass, air-flush mode which we term “up-concentration”308

operation of our CTA-AC/DBS-AC system.309

The up-concentration experiments were as follows.  First, in the adsorption step, we fed a 310

solution of 2 mM NaNO3 and 2 mM NaCl at a 4 ml min-1 flow rate for 4 h and applied 0 V to the 311

cell. A single-pass flow was used in this adsorption step, i.e. the solution passed through the cell 312

once, and effluent was collected in a reservoir. After the adsorption step the cell was emptied 313

of solution by pumping air into the system, while a voltage of 0 V was applied to the cell. Next, 314

we performed a closed-loop circulation step by connecting the cell to a second reservoir, which 315

we herein call brine reservoir (flow at 8 mL min-1 from the brine reservoir to the cell and back to 316

the brine reservoir). This brine reservoir was initially filled with 154 mL of DI water. During 317

regeneration, a voltage of 1 V was applied to the cell (negative lead to CTA-AC and positive lead 318

to DBS-AC electrode) for 4 h to desorb the nitrate and chloride ions into the brine reservoir. To 319

minimize cross-contamination, the solution in the cell and tubing was then emptied to the brine 320

reservoir by flowing air into the system. At this point, we collected an 0.4 mL sample from the 321

reservoir for the IC measurement. We repeated this process eight times and measured the 322

nitrate and chloride content of the brine reservoir using IC. We show the results of this selective 323

up-concentration experiment in Section 4.4.324

325
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4. Results and discussion326

4.1 Quantification of intrinsic selectivity327

As described in Section 3.2.1, we exchanged bromide initially on a sample of CTA-AC electrode 328

with chloride. We then placed 50 mg pieces of treated electrodes into 8 containers filled with329

24 mL of various concentrations (0.3 to 3 mM). Nitrate and chloride content of the 330

solutions was then measured with IC after 24 h equilibration time. Figure 2 shows adsorption 331

equilibrium of nitrate and chloride in the micropores (
3CTANO CTACl/c c ) on the ordinate versus332

that of nitrate and chloride in the solution phase (
3NO Cl
/c c  ) on the abscissa. Final333

concentrations of nitrate and chloride in the solution phase (
3NO

c  and 
Cl

c  ) were directly and334

independently measured using IC. Micropore concentration of nitrate and chloride was335

calculated indirectly using the following relation.336

3 3 3CTANO NO NO

CTACl Br Cl

sol

sol

n v cc

c n v c

 

 





.

(25)

where is amount (moles) of nitrate ions added to the solution and is amount (moles)337

of released bromide initially bound to CTA-AC electrode. The latter is approximately equal to 338

amount of exchanged chloride, we measured this quantity in Section 3.2.1. In Figure 2, markers339

show experimental results and solid line is linear regression based on the mean squared error 340

( ). Based on slope of regression line, the intrinsic selectivity coefficient of nitrate 341

with respect to chloride is approximately 7.7. We will use this measured intrinsic selectivity 342

coefficient in the model as .343
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344

345

Figure 2. Controlled, ex-situ experiment to determine intrinsic selectivity of nitrate over 346

chloride. CTA-AC is soaked in high concentration NaCl solution to have a well-known initial 347

condition. The abscissa is the ratio of nitrate to chloride ions in solution. The ordinate is the 348

ratio of nitrate to chloride ions inside the pores.349

350

4.2 Selective ion removal in i-CDI operation351

4.2.1 Dynamic ion adsorption352

Figure 3 shows the dynamic model prediction for nitrate and chloride, and measurements at 353

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 354

regeneration and 0 V adsorption with 2 mM NaNO3 and 2 mM NaCl feed solution. Markers are 355

experimental data measured by IC. During regeneration step, a portion of chemically- and 356

electrically-adsorbed chloride and nitrate are expelled from CTA-AC electrode and are flushed357

from the cell. Similarly, sodium ions are expelled from DBS-AC counter electrode. Also, the 358

regeneration phase for nitrate has longer duration than that of the chloride in order to account 359

for the higher affinity of quaternary ammonium groups towards nitrate. Higher affinity implies 360

a larger number of moles of nitrate in the functional groups. As discussed in our previous 361
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work,(Diego I. Oyarzun et al., 2018; Palko et al., 2017) the anionic surfactant on DBS-AC counter 362

electrode provides an electrostatic shield against re-adsorption of nitrate and chloride.  We 363

stress that this treatment is thus a critical component of our desalination system. 364

In the adsorption step (at 0 V), chloride and nitrate are removed from the solution at different 365

rates consistent with mass transport dynamics coupling with the different intrinsic anion 366

selectivity of CTA-AC. At the beginning of adsorption, nitrate and chloride concentration both367

drop rapidly. At longer times, however, chloride concentration approaches the inlet value 368

noticeably faster than nitrate. Moreover, chloride concentration increases beyond the inlet 369

value shortly after start of adsorption step, while nitrate concentration stays below the inlet 370

value during the adsorption step. This behavior is strong evidence of ion exchange on CTA-AC 371

surface. A similar phenomenon is also observed in adsorption of cations of different valence 372

and hydrated radii (such as , , and ) in traditional CDI operation.(Dykstra et al., 373

2016; Seo et al., 2010; Suss, 2017; Zhao et al., 2012)374

In Figure 3, solid lines are the model predictions using and as 375

fitting parameters. is determined using the measured intrinsic selectivity as 376

(Eq. (20)). Parameters and other constants used are listed in Table S1 of the SI.377

The model predictions of selectivity agree well with IC measurements of effluent 378

concentrations, particularly during the adsorption step. The model further captures the ionic 379

exchange between chloride and nitrate ions during adsorption. At higher regeneration voltages 380

the model predictions for effluent chloride dynamics during the regeneration phase deviate 381



22

somewhat from the respective measurements. We hypothesize that this discrepancy at higher 382

voltages is due to a competition with a third species, hydroxide, which may be generated by 383

Faradaic reactions.384

385

386

Figure 3. Cyclic adsorption of nitrate and chloride using electrical regeneration. Time series 387

showing independently measured values of 3NO  and Cl concentration versus time in the 388

same effluent stream.  Input concentrations is 2 mM 3NaNO and 2 mM NaCl, and constant flow 389

rate Q = 0.43 mL min-1.  Shown together with data are predictions from the multi-species model 390

(solid lines).  Each cycle is labeled with the applied voltage of the regeneration step. Each 391

measured full cycle (regeneration and adsorption step) correspond to the fourth cycle. First, 392

second, and third cycle were discarded to ensure dynamic steady state. 393

394

4.2.2 Effect of regeneration voltage and ratio of concentrations in cycle selectivity395

Figure 4a and 4b summarize nitrate and chloride adsorption capacity of our cell (µmol of 396

anions) as a function of respectively regeneration voltage and ratio of feed nitrate 397

concentration over chloride concentration. Nitrate concentration was fixed (2 mM) in all the 398

experiments and chloride concentration varied between 2 to 8 mM. Markers are experimental 399
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measurements for each species. Figure 4c shows cycle selectivity for feed chloride 400

concentration from 2 to 8 mM at fixed (2 mM) feed nitrate concentration and regeneration 401

voltage of 1V. Cycle selectivity slightly increases with high feed chloride concentration. 402

Figure 4d shows cycle selectivity at regeneration voltages from 0.4 to 1.2 V. At 0 V adsorption, 403

cycle selectivity approaches the intrinsic selectivity value as expected. Experiments show cycle 404

selectivity (defined in eq. 24) decreases with regeneration voltage magnitude. The applied405

electronic charge, during regeneration, at the carbon surface is sufficient to electrostatically 406

repel both anionic species from the surface with no observable preference, i.e. fraction of 407

desorbed ions is proportional to total moles present on the AC. This implies that the estimated 408

ions released into the stream during regeneration is a strong function of applied voltage and a 409

weak function of the current cell ion concentration. This non-selective desorption mechanism 410

produces available sites proportional to the initial ratio of species on the porous at the 411

beginning of the regeneration step. A higher desorption voltage produces more available sites412

on the CTA-AC electrode for both nitrate and chloride. However, due to the presence of413

quaternary ammonium functional groups on the CTA-AC electrode, nitrate is simultaneously re-414

adsorbed to the CTA-AC electrode. Further, in Figure 3, we observe a net deficit of chloride at 415

the effluent during the regeneration (concentration bellow the inlet concentration of chloride). 416

This suggests re-adsorption of chloride ions on the DBS-AC counter electrode during the 417

regeneration. Selectivity data shown in figure 4 d, as discussed in section 3.2.2 corresponds to 418

2h charge and 2 h discharge time. According to figure 3, for high regeneration voltages cases, 419

exchange of chloride with nitrate is incomplete (nitrate and chloride concentrations are far420
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from baseline at the end of adsorption step). We believe that a longer cycle time will lead to a 421

complete exchange, which in turn, can increase cycle selectivity in those cases.422

423

Figure 4. Cyclic selectivity under various operational modes. a) and c) show salt adsorption424

capacity for nitrate and chrolide, and cycle selectivity at 2:8, 2:4 and 2:2 ratios of initial 425

concentrations. Nitrate was fixed at 2 mM while chloride was 2, 4 and 8 mM. Regeneration 426

voltages where fixed at 1V. b) and d) show specific salt adsorption for nitrate and chrolide as 427

well as cycle selectivity at different regeneration voltages. Inlet concentration was constant at 428

2mM nitrate and 2mM chloride. Flow rate was a constant of 0.43 mL min-1.429

430

4.3 Up-concentration: A high water recovery method for selective ion removal using i-CDI431

High water recovery (WR) is beneficial for water treatment processes. However, WR in CDI 432

applications is usually around 50%. In this section, we present an operation method for433
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CDI/i-CDI to increase WR and simultaneously concentrate the high-affinity ion in a fixed volume 434

of regenerated brine. The method we present here can be used to concentrate rare species. In 435

our approach the brine reservoir volume was chosen to be much smaller than the volume of 436

the electrode. Figure 5 shows concentration of chloride and nitrate in brine reservoir at the end 437

of first eight cycles. Markers are measured values and lines are least square regressions with 438

for chloride and 0.99 for nitrate. Concentration of ions in the reservoir linearly 439

increases up to respectively 1.7 and 3 mM for chloride and nitrate by the end of last (8th) cycle. 440

This is equivalent to an average increase of about 2.1 mg g-1 (37 µmole g-1) NaCl and 5.9 mg g-1441

(70 µmole g-1) NaNO3 per cycle (based on dry mass of all electrodes). The (molar) cycle 442

selectivity of nitrate with respect to chloride is thus about 1.9, smaller than 7.7 intrinsic 443

selectivity and even 3.0 cycle selectivity in i-CDI experiment in Section 5.2 (at similar 1 V voltage 444

level). We hypothesize this decline in cycle selectivity, in part, is due to incomplete air flush step 445

(solution is partially removed from tubing and the cell interior). This is particularly true for the 446

smallest pores which have the highest capillary pressure. Moreover, the partially-wet 447

macropores of the electrode after the air flush step have similar nitrate and chloride 448

concentrations. This increase mixing with the brine reservoir solution during the subsequent 449

regeneration step and thus reduces the nitrate selectivity. But nonetheless, Figure 5 shows 450

successful selective removal of nitrate from feed solution and storage in a brine reservoir. Since 451

we use a fixed brine volume and an open cycle to remove ions, WR increases from 86% at the 452

end of first cycle to 98% at the end of the eighth cycle. We observe a linear relationship up to 453

the eighth cycle; however, we expect a deviation from linear after more cycles due to 454

concentration equilibrium between microporous and brine concentration. 455
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456

Figure 5. Nitrate and chloride concentration increment in the regeneration reservoir as a 457

function of number of a completed cycle. Each cycle has an (1) open circuit adsorption, (2) air 458

flush, (3) close loop reservoir desorption, and (4) air flush. Air flush between steps was 459

performed to reduce cross-contamination. Red squares and blue circles are nitrate and chloride460

concentration, respectively. 461

462

5. Conclusions463

We showed a nitrate selective i-CDI system with simple functionalization of electrodes with 464

surfactants. The active electrode was functionalized with CTAB and the counter electrode with 465

SDBS. We first measured the intrinsic selectivity of CTA-AC for nitrate over chloride to be ~7.7 466

using a controlled ex-situ experiment. We defined cycle selectivity as a parameter which takes 467

into consideration the coupling of electrostatics and mass transport limitations. Our 468

experiments showed that an increase in regeneration voltage magnitude decreases cycle 469

selectivity. In the limiting case, at 0 V, cycle selectivity approaches intrinsic selectivity, as 470

expected. We developed a dynamic model to predict the dynamic steady state of 471

adsorption/regeneration of a i-CDI system with functionalized electrodes. Our model assumes a 472
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predominant effect of surface groups over native weak electrolyte surface charge groups on the 473

AC surface. Our model presents good agreement with IC measurements of dynamic steady 474

state for the low affinity (Cl-) and high affinity (NO3-) ion.475

We explored a method of increasing water recovery while increasing the concentration of the 476

high-affinity species (here, nitrate) over that of lower affinity species (chloride). To this end, we 477

implemented a novel multi-pass, air-flush i-CDI operation of our functionalized cell design. 478

We showed nitrate ions are preferentially adsorbed to the positive electrode from the feed 479

solution (during adsorption step). Subsequently, we used an air-flush step to minimize cross-480

contamination and then desorbed the ions into a small (154 mL) brine reservoir. We showed a 481

successful selective nitrate separation from the feed solution to brine reservoir with selectivity 482

of about 1.9.483
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