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Activated carbon is the most common electrode material used in electrosorption processes such as water
desalination with capacitive deionization (CDI). CDI is a cyclic process to remove ions from aqueous
solutions by transferring charge from one electrode to another. When multiple salts are present in a
solution, the removal of each ionic species can be different, resulting in selective ion separations. This ion
selectivity is the result of combined effects, such as differences in the hydrated size and valence of the
ions. In the present work, we study ion selectivity from salt mixtures with two different monovalent ions,
chloride and nitrate. We run adsorption experiment in microporous carbons (i.e., without applying a
voltage), as well as electrosorption experiments (i.e., based on applying a voltage between two carbon
electrodes). Our results show that i) during adsorption and electrosorption, activated carbon removes
much more nitrate than chloride; ii) at equilibrium, ion selectivity does not depend strongly on the
composition of the water, but does depend on charging voltage in CDI; and iii) during electrosorption, ion
selectivity is time-dependent. We modify the amphoteric Donnan model by including an additional
affinity of nitrate to carbon. We find good agreement between our experimental results and the theory.
Both show very high selectivity towards nitrate over chloride, BNO;/CI ~10, when no voltage is applied, or
when the voltage is low. The selectivity gradually decreases with increasing charging voltage to BNO; /-
~6 at Vp, = 1.2 V. Despite this decrease, the affinity-effect for nitrate continues to play an important role
also at a high voltage. In general, we can conclude that our work provides new insights in the importance

of carbon-ion interactions for electrochemical water desalination.
© 2019 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Capacitive deionization (CDI) is a cyclic process to remove ions
from aqueous solutions by electrostatic interactions with charged
electrodes often made of porous carbon (Johnson and Newman,
1971; Tang et al., 2019). This cyclic process is performed by alter-
natingly charging and discharging the electrodes. During charging,
ions are electrosorbed from the feed water and a desalinated
stream is produced. The ions are temporarily stored in electrical
double layers (EDLs), which are formed at the electrode-solution
interface (Han et al., 2014; Porada et al,, 2013; Wang et al., 2018).
During discharge, ions are released from the electrodes and a
concentrated stream is produced.

When multiple salts are present in the feed water, the
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adsorption of each ionic species can be different, resulting in se-
lective removal of ions (Mossad and Zou, 2012; Suss, 2017; Tang
et al., 2015). Several factors influence the ion adsorption capacity
of individual ions from salt mixtures, including i) the material of the
electrode, for instance an intercalation material (Singh et al., 2018),
or porous carbons as we will focus on in this work; ii) for carbons,
the pore characteristics, such as size (Hawks et al., 2019) and
chemical surface charge (Han et al., 2014); iii) ion properties, such
as ion valence (Hou and Huang, 2013), hydrated size (Gabelich et al.,
2002), electronegativity (Sun et al., 2018), and the affinity of the ion
to the carbon; and iv) operational conditions, such as charging and
discharge voltage and initial ion concentration (Fig. 1a).

When ions have different valencies, it has been shown that a
large selectivity can be obtained (Zhao et al., 2012b). However, for
mixtures with two anions or two cations with the same valency
(namely both monovalent), the results are more ambivalent. In
some cases the selectivity is quite small (Dykstra et al., 2016a; Suss,
2017) and in some cases much more significant (Oyarzun et al.,
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Fig. 1. a) Overview of several important aspects underlying preferential ion electro-
sorption in capacitive deionization with porous carbon electrodes; b) Experimental
values of the separation factor between NO3 and Cl™ (BNO; s ) found in CDI and MCDI
literature for constant current (CC) and constant voltage (CV) operation.

2018). It would seem that an affinity difference between the two
ions, i.e., their non-electrostatic interaction with the carbon (mi-
cropores), can play a significant role when the carbon is uncharged
(in an adsorption experiment) (Song et al., 2019), but most likely is
overruled when two carbons are charged in a CDI-cell (electro-
sorption). In the second case, the electrostatic forces are strong (the
voltage applied is many times the thermal voltage), and this is
expected to overwhelm the affinity effect, which is voltage-
independent. Our findings, as we will report below, are that
indeed with increasing voltage the selectivity between two ions of
the same valency, decreases when the charging voltage increases,
in line with this expectation. However, as we also show, both
experimentally and theoretically, the selectivity (B) for the ion pair
NO3 /CI™ remains very high, also at a voltage of Vcn, = 1.2 V, where a
value of Bno; - ~6 is found, dropping from a value ~10 in an
adsorption experiment.

Before discussing our theoretical and experimental results in the
next sections, we first present a literature overview of several
experimental studies on selective ion removal from solutions
containing two monovalent salts, or a mixture of one mono- and
one divalent salt using electrodes made of carbon materials. Firstly,
we describe studies on pore characteristics, then on ion properties,
and lastly on system operation.

Early studies on preferential ion electrosorption in CDI focused
on tuning the pore size distribution of the carbon material.
Avraham et al. (2008) modified carbon fiber electrodes by chemical
vapor deposition (CVD), and studied the effect of pore size distri-
bution on the ion adsorption capacity using solutions containing
one type of cation, which was either monovalent or divalent. Their
results showed that, after CVD treatment, the capacity for divalent
ions, such as calcium (Ca®*) and magnesium (Mg?*), decreased,
whereas the capacity for monovalent ions, such as sodium (Na™),
did not change. They concluded that only ions that are smaller than
the pore opening could enter the pores, which they called the ion
sieving effect. In a follow-up study, electrodes modified by CVD
were used to promote the electrosorption of nitrate (NO3) over
chloride (C17) (Noked et al., 2009). The preference towards NO3
was attributed to the formation of narrow pore openings that
allowed the passage of NO3, with planar shape, and hindered the
passage of Cl7, with sphere-like shape; the so-called

stereoselectivity effect was observed. Pore characteristics, as a
factor determining ion selectivity, has also been studied by others.
Han et al. (2014) indicated that ion selectivity largely depends on
both pore-size characteristics and ion hydrated size. Eliad et al.
(2001) concluded that, if the pores of the materials are consider-
ably larger than the ion hydrated size, the adsorption capacity of
the material is independent of the size and charge of the ions.

Apart from the pore size, ion properties influence selectivity in
CDI. Gabelich et al. (2002) used carbon aerogel electrodes with a
pore size larger than 4 nm to study the effect of valence, mass, and
ion size on electrosorption capacity. Gabelich et al. found that ion
valence was the main parameter determining ion selectivity. In
solutions containing ions with different valences, selectivity is
observed towards the ion with the highest valence. Zhao et al.
(2012b) and Hou and Huang (2013) reported preferential electro-
sorption of Ca?* over Na* ions, and Li et al. (2016) reported pref-
erential electrosorption of sulfate (SO?{) over NO3. In Zhao et al.
(2012b), experiments were conducted with an initial concentra-
tion of Na*t that was five times higher than of Ca®*. Initially, Na*
ions were preferentially electrosorbed, but after some time, Ca>*
replaced the Na* ions. The separation factor of Ca®* over Na* (Eq.
(12)) for this experiment was ~7. When the adsorption time was
extended from one to 5 h, the separation factor increased to ~25.
Furthermore, Zhao et al. (2012b) also showed that the separation
factor can be increased up to 300 when several desalination cycles
are performed. This study illustrates that ion selectivity can be
increased by adjusting the system operation.

For monovalent ions with different size, preferential ion elec-
trosorption is often explained by a size-affinity trend, i.e., smaller
ions are preferentially electrosorbed over larger ions (Dykstra et al.,
2016a; Hou and Huang, 2013; Suss, 2017). For ions with the same
valence and similar hydrated size, e.g., NO3 and Cl, ion selectivity
cannot be related to ion size. Preferential separation of NO3 over
Cl™ ions was studied by Chen et al. (2015) who reported that in the
early stage of an adsorption step Cl~ ions were preferentially
adsorbed in the EDLs, while at later stage ClI™ ions were replaced by
NO;3 . This result indicates that time dependent selectivity also
occurs with mixtures of monovalent ions. Li et al. (2016) introduced
the hydrated ratio, which is the ratio of the hydrated over the bare
ion radius, to evaluate the preferential electrosorption of mono-
valent ions. This work reported selectivity towards anions with a
higher hydrated ratio. Furthermore, Sun et al. (2018) tried to
correlate selectivity with electronegativity. They found that ions
with higher electronegativity are preferentially electrosorbed. lon
selectivity between monovalent ions has also been studied in
modified carbon electrodes. Oyarzun et al. (2018) used carbon
electrodes functionalized with quaternary amines (cathode) and
benzene sulphonate (anode) to increase selectivity towards NO3
over CI™. Guyes et al. (2019) reported enhanced selectivity towards
potassium ions with chemically oxidized cathodes.

The aforementioned studies are based on CDI with only carbon
electrodes. Preferential electrosorption of ions can also be pro-
moted with ion exchange membranes. Kim and Choi (2012)
increased the selectivity towards NO3 by coating the anode sur-
face of carbon electrodes with a polymeric solution containing NO3
selective ion exchange resins. With this approach, Kim et al. ach-
ieved a separation factor between NO; and Cl™ (Bno; jc-) of ~3.2,
which was higher than the separation obtained with commercial
ion exchange membranes (Fig. 1b). Preferential SO?{ removal was
reported by Tang et al. (2017) using membrane capacitive deion-
ization. Cation selectivity in intercalation materials for CDI, such as
using Prussian Blue analogues, is reviewed by Singh et al. (2019).
Lastly, new electrode materials have been developed to not only
adsorb NO3 but also reduce it to nitrogen gas during electrode
regeneration (Hu et al., 2018).



T.M. Mubita et al. /| Water Research 164 (2019) 114885 3

In the present work, we study selective removal of NO3 and Cl™
by porous carbons. We perform two different types of experiment:
i) adsorption to study selective removal without electrically
charging the carbon material, and ii) electrosorption with charging
the carbon, i.e., CDI. The CDI experiments are performed as function
of the NO3 over Cl™ ratio in the water and charging voltage. For
both types of experiments, we find significant preferential removal
of NO3 over ClI". We show that, in both cases, experimental data
can be well described with the amphoteric Donnan model for ion
adsorption in EDLs. In the model, we include a term to account for
the affinity of the carbon surface for NO3. We show that this affinity
term leads to a high selectivity between the two ions in case of
absence of a charging voltage (or a low voltage). Furthermore, we
show that the affinity-effect remains important at a high voltage
(Ven = 1.2 V) where electrostatic effects also come to play a role.

2. Theory

To describe ion adsorption in the EDLs formed in microporous
carbon materials, we use the amphoteric Donnan (amph-D) model.
This model takes into account EDL overlap in sufficiently small
micropores (smaller than the Debye length), which is typically the
case for CDI with microporous carbons, and the model includes the
presence of chemical charge on the surface of the carbon, i.e., lining
the micropore regions (Arulrajan et al., 2019; Gao et al., 2016; Kim
et al,, 2019; Mubita et al., 2018). The amph-D model considers that
there are two types of surface charge located in two different re-
gions in the micropores: one region with acidic groups (region-A),
and one region with basic groups (region-B). The two regions are
expected to be near one another, well “mixed” throughout the
electrode, but nevertheless each has its own distinct ionic
composition, resulting from the difference in nearby surface
charge.

Chemical interactions between ions and chemical groups pre-
sent at the carbon surface can be included in the amph-D model,
e.g., positively charged chemical groups at the surface, for which we
use the general symbol B, can chemically bind ions, for example
NOj3, according to the reaction B* + NO3 s B —NOs. This adsorp-
tion process can be modelled in equilibrium using a pK-constant,
which describes the state of the equilibrium as function of the
concentration of ionic species, and the number of free and occupied
adsorption sites (Hiemstra et al. 1989, 1999). These chemical in-
teractions between ions and chemical groups affect the adsorption
of specific ions, as well as the chemical surface charge. Related is
the pH-dependency of the acidic and basic groups as considered by
Hemmatifar et al. (2017) in a model with acidic and basic groups,
co-existing in the same micropore region (no separation in A- and
B-regions).

Instead of considering the binding constants of ions with the
different chemical groups, in the present work we use a simplified
approach to describe chemical interactions by making use of a
term,}l, that describes the affinity of the micropore for certain ions.
This term is incorporated in the description of the ion concentra-
tion in the micropores (cp;;j) according to the Boltzmann equi-
librium. The resulting expression is

Cmiij =CmAi*€XP( —Zi*A¢pj + 1) (1)

where subscript i refers to the ionic species, and subscript j to the
micropore region, which can be either A or B. The concentration in
the macropores is ¢y j, Z; is the valence of the ion, and A¢pj is the
dimensionless Donnan potential. For all species, except for NO3, we
set i to zero. Thus, only for NO3 we assume that the binding to
chemical groups can be appreciable. For the other ions (Cl”and K*)
we assume they do not have a significant chemical binding to the

surface, and that they behave as inert species for which the normal
Boltzmann distribution applies, i.e., Eq. (1) with p = 0. We use the
same value of p in both the A- and B-regions, i.e., the present model
assumes the affinity effect for NO3 does not depend on the nature
of the chemical charge.

In each region in the micropores, the amph-D model describes
three types of charge: electronic charge in the carbon matrix (Gejec)
ionic charge in solution (ojopnic) and chemical charge at the carbon
surface (0chem). Overall, each region in the micropores is charge-
neutral, and thus

Oclecj + Ochem,j T Cionicj = 0. (2)

The acidic region has a negative value of ey, Whereas the
basic region has a positive value of 6hem. To calculate ojgp;c j in each
region we use

Sionicj = 2 _Zi*Cmiij- (3)

1

In the micropores, the ionic charge and electronic charge cannot
come infinitely close; therefore, a dielectric layer is considered in
between, which is called the Stern layer. The potential over this
layer (Ads;) is related to the Stern layer capacitance (Cs) and Ggjec
according to

Oclecj * F = Vr+4¢s;-Cs (4)

where F is the Faraday's constant, and Vt the thermal voltage, given
by V; = RT/F, with R the gas constant and T the temperature.

In each electrode (anode or cathode), the potential drop over the
EDLs (4¢gpr) is the sum of A¢p and 4¢s, and is equal for region A
and B (Biesheuvel et al., 2015)

A¢pppL =A¢pa + dgpsa = Adpp + d¢sp. (5)

In addition, for each electrode, we calculate the average value
for Gejec and Ojgpic USIing

Oelec = Z 0+ Telecj » and Gionjc = Z @; * Ojonic,j (6)
j=AB j=AB

where ¢; is the fraction of each region relative to the total micro-
pore volume, up; oc (ML/g electrode).

At equilibrium (no transport of ions), the cell voltage is related to
Ag¢gpr in the anode (an) and in the cathode (ca) by

V
%" = A¢EpLan — 4PEDLca- (7)
T

The ion adsorption capacity of the electrodes (IAC) is calculated
from the difference between the ion concentration in the micro-
pore (c;) at the end of the adsorption step (superscript “ads,end*),
and the concentration at the end of the desorption step (superscript
“des,end"), and when both electrodes have the same mass is given
by (Biesheuvel et al., 2014)

1 ads.end des,end
IACi:§°UmiAC' ((Ci *Ci ’ >ca

+ (Caids,end . C;jes,end)ﬂ) (8)
where
= D %*Cmijj- 9
j=AB

The electrode charge (in C/g: defined per gram of two electrodes
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combined) is given by

adseend _ _des,end (10)

=1 . . . .
2p="arF Umi,AC* |Oelec elec

Next, we define the charge efficiency for a mixture of mono-
valent ions as the ratio of the total number of ions adsorbed,
divided by a factor 2, over the charge transferred,

_F Y IAG

A
2 3p

(11)

where i runs over all adsorbed ions.

Finally, to describe ion selectivity in the EDLs, we use the sep-
aration factor (B), which is explained in detail by Suss (2017) and is
expressed as

B 7IAC1 CmA2
1/2= IACZ CmA,]

(12)

where the subscripts 1 and 2 refer to the two different ionic species,
e.g,NO3 and CI".

The set of equations (1)—(12) describes ion adsorption in the
micropores for a process that at the end of each step (charging step,
discharge step) reaches equilibrium, i.e., there is no longer trans-
port of ions into the micropores, and is valid irrespective of the
valences of the participating ions (except Eq. (11)).

3. Experimental
3.1. Adsorption experiments

Batch experiments were conducted to study the adsorption of
ions in activated carbon (AC) powder, which is equilibrated with a
salt solution. A mass of 2 g of dry AC (YP-50F, Kuraray Chemical,
Japan) were immersed in 20 mL of multi-ionic solutions containing
either: i) one dissolved salt, either 20 mM KNO3 or 20 mM KCI; or ii)
salt mixtures with different NO3 to CI™ concentration ratios, such
as 1:2 and 2:1 (21 mM total ionic strength), and 1:3, 1:1, and 3:1
(20 mM total ionic strength). The solution was continuously stirred
for 24 h, which is sufficiently long to reach equilibrium in the ion
transport between bulk solution and micropores. After this time,
the solution was filtered and the concentration of each ion in the
filtrate was analyzed by ion chromatography (IC). The ion concen-
tration in the micropores (cy,; ;) was calculated from the ion mass
balance

Vsol * Cinitiali = Ymi,Ac*MAC*Cmiji + (Vsol — Ymi, Ac*MAC) * Cfinal,i
(13)

where Vy is the volume of solution, mac the mass of AC, up; ac the
AC micropore volume, Cj,isia1j the initial concentration of ion i, and
Crinai the concentration of ion i at the end of the adsorption
experiment.

3.2. Electrosorption experiments

CDI experiments were conducted in a stack with four cells. Each
cell consisted of two graphite current collectors, a pair of carbon
electrodes (Materials & Methods, PACMM™ 203, Irvine, CA, elec-
trode area =33.8 cm?) and a spacer channel (Glass fiber filter, cat
No. AP2029325, Millipore, dsp ~250 um) placed in between the
electrodes, through which an aqueous solution flows. The elec-
trodes used in the present study have been electrochemically
characterized by other researchers (Oyarzun et al., 2018; Zhao et al.,
2012a). The stack was ensembled as described by Porada et al.

(2012) in which an aqueous solution flows in between the elec-
trodes through the spacer channel. The aqueous solution with a
total volume of 160 mL was pumped through the stack with a flow
rate of 30 mL/min. The system was operated in batch-wise mode:
the solution was pumped from the feed container into the stack,
and the effluent of the stack was recirculated to the feed container.
The charging voltage (V) and discharge voltage (Vy,) were
controlled and the current was measured using a potentiostat
(Ivium Technologies, the Netherlands). For each experiment, we ran
three cycles (charging/discharge) to achieve dynamic equilibrium,
i.e.,, when the dynamic data of effluent concentration and current of
a particular cycle is the same as of the previous cycle. Thereafter,
the fourth cycle was performed, and we took samples from the feed
container at different times during charging and discharge. The ion
concentration in solution was measured by IC. With this concen-
tration and the volume of solution, we obtain the mole of ions in
solution. The difference between the mole of ions at the beginning
of the electrosorption experiment and at equilibrium is the total ion
adsorption. This total ion adsorption was divided by the total mass
of electrodes to obtain IAC in mol/g. The half cycle time (HCT),
which is the duration of each step (charging or discharge), was
always 90 min, unless otherwise noted. We present an overview of
experimental conditions in Table 1.

4. Results and discussion

4.1. Adsorption experiments: activated carbon is selective towards
NO3

Fig. 2 shows the NO3 and CI™ concentration in the micropores of
the carbon particles as function of the NO; to Cl™ equilibrium
concentration ratio in solution. Preferential NO;3 adsorption is
observed, even when the concentration of Cl™ is three times higher
than that of NO3 . Experiments performed with single salt solutions
(either NO3 or CI™ in solution) showed that the concentration of
CI" ions in the micropores is 34% lower than that of NOj3:
Cmic- =86 mM and c¢pyino, =130 mM. These results show that
commercial activated carbon materials, which are often used to
fabricate electrodes for CDI (Dykstra et al., 2016b; Hatzell et al.,
2014; Reale and Smith, 2018), have an affinity that favors the
adsorption of NO3 in carbon micropores.

Pore size and surface chemistry are affected by the fabrication
and activation method of AC and play an important role on the
adsorption capacity of AC (Chen and Wu, 2004; Li et al., 2002;
Seredych et al., 2008). In the present work, we report data obtained
with microporous AC: 80% of the total pore volume is due to pores
with a size between 0.6 and 2 nm (Porada et al., 2013). These pores
are larger than the hydrated size of the ions used in this study, and
thus, are accessible for ions. Therefore, we consider that the surface
chemistry, rather than the pore size, has an effect on the prefer-
ential adsorption of ions.

The surface chemistry of the AC is related to the presence of
functional groups, which are: i) acidic groups, primarily oxygen
containing groups, such as phenolic, carboxylic, and lactonic, and ii)
basic groups, such as nitrogen containing functional groups, or 7-
electrons on the graphene layer (Boehm, 1994; Shafeeyan et al.,
2010). Depending on the conditions, such as the pH and solvent
characteristics, these functional groups can be dissociated or pro-
tonated, thereby inducing attractive or repulse interactions with
the ions in solution (Sun et al.,, 2017). As the strength of the in-
teractions between ions and functional groups is not the same for
all ions, we observe an effect on the preferential adsorption of ions
(Ota et al., 2013).

In Fig. 2, we also show four theory curves: two curves for NO3
and two for CI™. We used the affinity term (pt), which describes the
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Overview of electrosorption experimental conditions.

Experiment type

Initial salt concentration

Operational mode

Effect of the initial ion concentration (Fig. 3) Concentration ratio of NO3 to CI™ (aY
1:2; 2:1 (total =21 mM) Ven=12V
1:3; 1:1; 3:1 (total = 20 mM) Vach=0V
Effect of the charging voltage (Fig. 4) [NO3 ] = 10 mM cv
[CI"] = 10mM Ven=0.6; 0.8; 1.0; 1.2V
Vach =0V
Preferential ion electrosorption (Fig. 5a) [NO3 ] = 10 mM cv
[C7] = 10mM Ven=12V
Vach =0V
Ion displacement (Fig. 5b) Step I: [NO3 ] = 20 mM" cv
Step II: [CI” ] = 20 mM* Ven=1.2V, ten = 30 min

cv
Ven =12V, teh =90 min

CV = constant voltage; " first step: CV charging for 30 min, 20 mM KCl solution; * second step: addition of 20 mM KNO; while keeping V¢, = 1.2V for t, = 90 min.
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Fig. 2. Adsorption in uncharged carbon powder. a) Experimental data (symbols) and theoretical curves of the ion concentration in the micropores (cy,;) of activated carbon, and b)
the separation factor (Byo; /ci- ) both as function of equilibrium concentration ratio in solution, [NO3] : [CI7]. In all calculations, we assumed that the volume of solution is 160 mL
and that the total initial ionic strength was 20 mM, although in experiments with an initial concentration ratio of 2:1 and 1:2, the total initial ionic strength was 21 mM.

interaction between each ion in solution with the uncharged car-
bon material, as a fitting parameter. Theory describes our data very
closely when the value of pyq, is 2.46 (Table 2).

4.2. Effect of the initial ion concentration and charging voltage on
ion selectivity in CDI

Fig. 3a and Fig. 3b show equilibrium electrosorption data of
Bno;/c- and the ion adsorption capacity (IAC) as function of the
NOj3 to CI” concentration ratio in the feed solution. We observe that
Bno; /- increases with the NO3 to Cl™ concentration ratio in feed
solution (Fig. 3a). In Fig. 3b, we see that with increasing initial NO3

to Cl” concentration ratio, the difference between the concentra-
tion of NO3 and CI™ in the micropores increases. Before equilibrium
is reached, however, preferential ion electrosorption is determined
by the initial concentration ratio: the ion with the highest con-
centration in solution was predominantly electrosorbed (data not
shown).

Fig. 4a shows that o, /- decreases with charging voltage, but
the affinity-effect does not diminish much and continues to play an
important role also at a high voltage. Charge and IAC increase with
charging voltage (Fig. 4b and c). Fig. 4d shows that the charge ef-
ficiency is much lower than unity, which can be explained by the
desorption of co-ions (ions with the same charge as the electrode)

Table 2
Parameters used in the theory to describe ion selectivity in the EDLs.
amph-D model
GchemA Chemical surface charge - acidic region -0.26 M
Gchem.B Chemical surface charge - basic region +0.26 M
Umi.AC Micropore volume carbon powder (adsorption) 0.82 mL /g
Micropore volume electrode (electrosorption) 0.49 mL/g
Cs Stern capacitance (adsorption) 145 F/mL
Stern capacitance (electrosorption) 175 F/mL
HNo; Affinity term for NO3 adsorption in micropores 2.46
0 Fraction of region A and B relative to vy ac 1/2
R Gas constant 8.314 J/mol/K
F Faraday constant 96485 C/mol
T Temperature 298 K
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from the carbon surface at the beginning of the charging step
(Dykstra et al., 2016b; Hassanvand et al., 2018; Zhao et al., 2010).
To describe the experimental data in Figs. 3 and 4, we use the
theory outlined in Section 2. For the calculations, values for pa-
rameters Gcpem» Ymiac, Cs,and y; are required. The parameter value
for oehem Was obtained from Biesheuvel (2015), while the other
parameters were fitted (see Table 2). We find that both the
adsorption and electrosorption data are theoretically described
using the same value for ;. For the adsorption experiments, for
which activated carbon powder was used, we found a micropore
volume significantly higher than the micropore volume of the
electrosorption experiments, for which electrodes were used. This

finding is supported by previous work that showed that the
micropore volume of activated carbon (Kuraray YP-50F) (0.67 mL/g
AC) was significantly higher than the micropore volume of the
electrode material per gram of dry activated carbon used for syn-
thesis (0.56 mL/g AC) (Dykstra et al., 2016b).

4.3. Electrosorption of nitrate and chloride: ion selectivity is
controlled by kinetics and equilibria

Next, we analyze the dynamics of preferential electrosorption
(Table 1). Fig. 5a shows that the NO3 concentration continuously
decreases for about 30 min until it reaches a constant value,
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Figure 5. a) Anion concentration in solution and separation factor as a function of time; Ve, = 1.2 V; Cigjtiano; ~ 10 mM and Cipjgiar - ~ 10 mM. b) Concentration of NO3 and CI™
ions as function of time (ion displacement experiment). At step I, only Cl~ ions are electrosorbed for 30 min (NO3 ions were not present in feed solution). Thereafter, a 20 mM KNO3;

solution is added to the feed container (step II). Dashed lines serve to guide the eye.

whereas the CI™ concentration decreases only for about 15 min.
Thereafter, we observe an increase of the CI~ concentration in so-
lution, which means that NO3 ions gradually displace Cl™ ions. This
phenomenon was previously reported by Chen et al. (2015) for the
same mixture of ions.

According to Hassanvand et al. (2018), ion selectivity can be
explained as a two-step phenomenon: the first step is controlled by
ion kinetics and the second by adsorption equilibria. We will
analyze both phenomena. To quantify ion selectivity, we use the
separation factor (Bno, /ci- ), Which we show in Fig. 5a as function of
time. Values of Byo; /- higher than 1 indicate that NO3 ions are
preferentially electrosorbed over Cl™ ions. As Fig. 5a shows, the
separation factor increases over time, which indicates that prefer-
ential ion electrosorption is a time-dependent process. At the
beginning of the charging step more CI”~ than NOj3 is electrosorbed
in the EDLs: Pno, c- = 0.7. At this stage, it is likely that ion
selectivity is governed by ion transport to the micropores: the
faster ion, in this case Cl7, is preferentially electrosorbed (see
diffusion coefficients of the ions in Table 3). As electrosorption
progresses, Bo; /c- increases as a consequence of the displacement
of CI” by NO3. At equilibrium, Byo, - reaches a maximum value of
~60atVy =12V,

Ions in aqueous solution are surrounded by layers of water
molecules that form the hydration shell (Marcus, 2012). The ion
hydration energy indicates how strong the ions hold these water
molecules (Tansel, 2012). The structure of the hydration shell can
suffer rearrangements (partial dehydration or complete loss of the
water molecules) depending on the interaction of ions with the
surface through which they flow (Collins, 1995; Epsztein et al.,
2018). lons with lower hydration energy can more easily rear-
range their hydration shell compared to ions with higher hydration
energy. It has been shown that ions need to strip off or deform their
hydration shell to enter pores with smaller size than the ion hy-
drated size (Kalluri et al.,, 2013). The mean size of the pores con-
tained in our electrodes is larger than the ion hydrated size. Thus,

Table 3
Physicochemical properties of the anions studied in the present work.

the pore size might not induce large perturbations in the hydration
shell of NO3 and Cl™, when these ions enter the pores. Therefore,
structural changes on the hydration shell are probably not the main
cause of preferential electrosorption of NOj. Ion-carbon surface
interactions may play a more important role in determining ion
selectivity.

To support our findings of preferential adsorption of NO3 over
Cl™ at equilibrium, we also conducted two-stage electrosorption
experiments (Fig. 5b). In the first stage, we charged the cell to 1.2V
with only K* and Cl™ ions in solution. After 30 min, a 20 mM KNO3
solution was added to the feed container (same volume as the
KCl solution in the feed container, thus the resulting ion concen-
trations in the feed container are [K*] = 20 mM, [CI” | = 10 mM, and
[NO3]=10mM), and the charging voltage was maintained for
another 90 min. As Fig. 5a shows, Cl™ starts to desorb from the EDLs
immediately after NO3 is added to the solution. We observe an
increase in the ClI” concentration, while the NO3 concentration
decreases. Approximately 15 min after the addition of NO3, we
observe only minor concentration changes.

5. Conclusions

In this work, we present adsorption and electrosorption data for
nitrate and chloride ions. At equilibrium, we observe preferential
adsorption of nitrate over chloride in the micropores. Several fac-
tors can contribute to the preferential electrosorption of ions, such
as the hydrated size of the ions and the interactions between the
ions and the carbon surface. As the hydrated size of nitrate and
chloride are equal, we conclude that the preferential adsorption of
nitrate over chloride is due to chemical interactions between the
ions and the carbon surface.

We also presented theory based on the amphoteric Donnan
(amph-D) model to predict selectivity between nitrate and chloride
in the micropores. The theory can be extended to describe prefer-
ential adsorption of other monovalent ions as well. Until now, the

Diffusion coefficient (10 m?s~1)

Ion Tonic radius (A) ? Hydrated radius (A) * Hydration energy (kJ/mol) "

Ccl- 1.81 3.32 —381 2.03
NO3 2.64 3.35 -314 1.90
K* 1.33 3.31 —322 1.96

@ Nightingale (1959).
> Smith (1977).
€ Haynes (2012).
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amph-D model has not been used to describe ion selectivity. We
included an affinity term to describe the preferential adsorption of
nitrate into the micropores. Although this affinity term is not
associated to any particular property of the ion or micropore, it
certainly describes the interaction between ions and the uncharged
carbon particles. We acknowledge that this interaction is influ-
enced by the surface chemistry and ion properties. Both theory and
data underpin that a specific adsorption effect is not overruled by
electrostatic phenomena.
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