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a b s t r a c t

Ion adsorption and equilibrium between electrolyte and microstructure of porous electrodes are at the
heart of capacitive deionization (CDI) research. Surface functional groups are among the factors which
fundamentally affect adsorption characteristics of the material and hence CDI system performance in
general. Current CDI-based models for surface charge are mainly based on a fixed (constant) charge
density, and do not treat acid-base equilibria of electrode microstructure including so-called micropores.
We here expand current models by coupling the modified Donnan (mD) model with weak electrolyte
acid-base equilibria theory. In our model, surface charge density can vary based on equilibrium constants
(pK 's) of individual surface groups as well as micropore and electrolyte pH environments. In this initial
paper, we consider this equilibrium in the absence of Faradaic reactions. The model shows the prefer-
ential adsorption of cations versus anions to surfaces with respectively acidic or basic surface functional
groups. We introduce a new parameter we term “chemical charge efficiency” to quantify efficiency of salt
removal due to surface functional groups. We validate our model using well controlled titration exper-
iments for an activated carbon cloth (ACC), and quantify initial and final pH of solution after adding the
ACC sample. We also leverage inductively coupled plasma mass spectrometry (ICP-MS) and ion chro-
matography (IC) to quantify the final background concentrations of individual ionic species. Our results
show a very good agreement between experiments and model. The model is extendable to a wide variety
of porous electrode systems and CDI systems with applied potential.

© 2017 Elsevier Ltd. All rights reserved.
1. Introduction

Capacitive deionization (CDI) is a promising technology for
reducing water salinity and removing undesirable ionic contami-
nants from solutions (Porada et al., 2013; Suss et al., 2015). CDI is
normally achieved by flowing a salt solution through or near
porous carbon electrodes, where an applied bias induces ion
migration and salt adsorption within the porous structures
(Hemmatifar et al., 2016, 2015; Johnson and Newman, 1971; Kang
et al., 2014; Kim and Yoon, 2014; Qu et al., 2016, 2015). Often, the
carbon pores are modeled as having a bimodal distribution of so-
called macropores and micropores. The solution within
tadermann), juan.santiago@
macropores is assumed to be net neutral, and macropores are
dominantly responsible for transport of ions. Ions are assumed to
be stored in the electric double layers within (overlapping) mi-
cropores which dominate charge storage (Biesheuvel et al., 2009;
Biesheuvel and Bazant, 2010). The nature of micropore adsorption
and equilibrium betweenmicropores and macropores is thus at the
heart of much of CDI research. An important micropore property
that can dramatically impact this coupling is chemical surface
charge functionalization (Andelman, 2014; Avraham et al., 2011;
Biesheuvel et al., 2015; Cohen et al., 2011; Gao et al., 2017, 2016,
2014). Studies on surface functional groups and the potential or
pH at the point of zero charge (PZC) of activated carbon is a long-
standing field of study (Babi�c et al., 1999; Barkauskas and Dervinyte,
2004; Bhatnagar et al., 2013; Corapcioglu and Huang, 1987; Lopez-
Ramon et al., 1999; Noh and Schwarz, 1990; Pandolfo and Hollen-
kamp, 2006). In CDI applications, however, the role of surface
functional groups on enhancement of performance has been of
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Nomenclature

KXi
Acid dissociation constant of acidic group Xi (mM)

KYj
Acid dissociation constant of basic group Yj (mM)

cX�
i

Micropore concentration of X�
i (mM)

cXiH Micropore concentration of XiH (mM)
cYj

Micropore concentration of Yj (mM)
cYjH

þ Micropore concentration of YjH
þ (mM)

cXi;0, cYj;0 Analytical concentration of i-th acidic and j-th basic
group (mM)

NXi;0, NYj;0 Amount of i-th acidic and j-th basic group (moles)
nX, nY Number of types of acidic and basic groups
sX�

i
, sYjHþ Surface charge density of i-th acidic and j-th basic

group (C m�3)
pKX, pKY Acid and base pK values
pHf Final pH of solution
pHm;f Final micropore pH
pHPZC pH at the point of zero charge
schem Net chemical charge density (C m�3)
sionic Ionic charge density (C m�3)
selec Electronic charge density (C m�3)
cm;H Micropore concentration of hydronium (mM)

cH Concentration of hydronium in the bulk solution (mM)
cm;± Micropore concentration of anion or cation (mM)
c± Concentration of anion or cation in the bulk solution

(mM)
z± Valence of anion or cation
Vext External voltage (V)
DfD Donnan potential drop (V)
Dfm Micropore potential drop (V)
Cm Volumetric capacitance of micropores (F m�3)
vm Micropore volume (m3)
me Electrode mass (g)
c±;0 Initial concentration of anion and cation (right after

addition of titrant) (mM)
vsol Final volume of solution (m3)
v0sol Initial volume of solution (m3)
vtitrant Volume of added titrant (m3)
cstock Titrant (HCl, NaOH) stock concentration (mM)
G± Cationic and anionic salt adsorption (moles)
G Net salt adsorption (moles)
Schem Net micropore surface charge (C)
L Charge efficiency
Lchem Chemical charge efficiency

A. Hemmatifar et al. / Water Research 122 (2017) 387e397388
significant interest only recently (Gao et al., 2017, 2016, 2015a; Wu
et al., 2016).

Current CDI-based models treat chemical surface charge by
considering a simple fixed (constant and permanent) charge den-
sity (of a certain sign and magnitude in Coulombs per volume)
residing within themicropore volume (Biesheuvel et al., 2015). This
simple treatment of net surface charge has the effect of modifying
the equilibrium charge composition in the micropores. An impor-
tant implication of surface charge is that the porous material can
electrostatically adsorb salt ions from the solution within macro-
pores, sustaining macropore electroneutrality by altering the pH.
Notably, this adsorption can occur with no externally applied
electric potential. This fixed charge changes the degree of charging
of the electric double layers and so fundamentally changes the CDI
cell's PZC and the relationship between charge efficiency and
applied potential. For example, applied electrical potentials of a
sign opposite to the fixed charge first expels ions of charge opposite
to the fixed charge before reaching the PZC. Only after crossing the
PZC, can electric charges effectively accumulate net charge of the
same sign as the fixed charge (Biesheuvel et al., 2015; Gao et al.,
2015a, 2015b). Recently, Gao et al. (2015a) and Wu et al. (2016)
experimentally demonstrated increases in the charge efficiency,
salt-absorption capacity, and operating voltage window of CDI
devices with positive surface charge functionalization (treated with
ethylenediamine or quaternized poly (4-vinylpyridine)) and nega-
tive surface charge (treated with nitric acid) functionalization.
While the results presented by Gao et al. (2015a) are in general
agreement with a simple fixed-charge amphoteric model for sur-
face charge (Biesheuvel, 2015), a detailed model based on basic
physicochemical equilibria which includes pH and an arbitrary
composition of acidic and basic surface charge sites within the
micropores has yet to be developed.

In this work, we aim to expand upon current models for un-
derstanding surface charge effects in porous carbon materials for
CDI by coupling the modified Donnan (mD) model (Biesheuvel
et al., 2011) with weak electrolyte acid-base equilibria theory
(Persat et al., 2009a, 2009b). Namely, we propose a treatment
wherein micropores have a certain analytical concentration of
acidic and basic groups with their own equilibrium constants (pK).
We propose a model wherein the degree of dissociation of
(immobile) functional groups within the micropores is governed by
their acid dissociation constants, an equilibrium between micro-
pores and macropores, and the pH of the external solution (e.g. in
macropore). To validate our model, we perform well controlled
titration experiments for porous carbons. The model assumes that
dry electrodes are initially electroneutral, and then upon submer-
sion into an aqueous solution develop a net surface charge due to
dissociation or adsorption of protons according the micropore-to-
macropore equilibrium. We describe the model and present
experimental data demonstrating very good agreement between
predictions of initial and final pH of a solution after adding the
activated carbon sample, and for final background concentrations
of individual ionic species.

2. Theory

2.1. Multi-equilibria surface charge model

In recent work, Biesheuvel (2015) developed a model they
termed amphoteric Donnan (amph-D) model which assumes car-
bon surfaces with a fixed (constant) value for positive and negative
surface charges. Their model is based on the assumptions that (1)
the concentrations of positive and negative surface charges are
each fixed and independent of pH, and (2) each group has its own
(independent) Donnan potential and micropore-to-macropore
Boltzmann distribution. The result of this formulation is that sur-
faces are assumed to always adsorb both positive and negative ions
from solutions at equal rates independent of solution pH.

In general, we recommend that models with constant surface
charge (e.g. those that neglect the effects of pH on the degree of
dissociation of surface charges) are not physical and have limited
use in predicting adsorption capabilities across variations in pH and
ionic strength. In the current work, we propose a model of surface
groups based on first principles from weak electrolyte theory. We
assume that the surfaces of micropores contain acid and base
groups which can protonate or deprotonate according to their pK
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values and in equilibriumwith the solution within micropores. We
then assume a standard Boltzmann type equilibrium between the
solution in the micropores and the local solution outside of mi-
cropores. In this way, the charge density of positive surface groups
and negative surface groups is a function of solution pH and ionic
strength. Our formulation is general and can be used to study the
adsorption properties of activated carbon with arbitrary number of
immobile (acidic or basic) surface functional groups.

A schematic of our model is shown in Fig.1. We assume nX acidic
surface groups and nY basic surface groups. Throughout this work,
subscripts X and Y respectively correspond to acidic and basic
surface functional groups. The degree of dissociation of functional
groups (hence net chemical surface charge) is determined by the
micropore pH environment and can be modeled with acid-base
dissociation reactions for the form

XiH#
KXi

X�
i þHþ

m ði ¼ 1;…; nXÞ (1)

YjH
þ #

KYi
Yj þ Hþ

m ðj ¼ 1;…; nYÞ (2)

where XiH is the i-th acidic functional group and Yj is the j-th basic

group. X�
i and YjH

þ are the associated conjugate base and conju-

gate acid, respectively. Hþ
m represents hydronium ion in the mi-

cropores. KXi
and KYj

are acid dissociation constants for the weak
electrolytes and are defined as

KXi
¼ cX�

i
cm;H=cXiH; (3)

KYj
¼ cYj

cm;H=cYjH
þ ; (4)

where cX�
i
, cXiH, cYj

, and cYjH
þ are volume-average concentration of

functional groups (moles per micropore volume), and cm;H is hy-
dronium micropore concentration. We follow Persat et al. (2009a)
and use only the acid dissociation constants Ka (for both weak
acid andweak base) and avoid using a base dissociation constant Kb
(the subscript “a” is then dropped for this reason). For reference, Ka

and Kb are related through KaKb ¼ Kw, where Kw is the water
Fig. 1. Schematic of our acid-base equilibria model for activated carbon with bimodal
(micropore and macropore) pores. Here, the carbon is electrically “floating” (not
connected to an electrical source) and in equilibrium with the solution in a beaker.
Electrolyte (outside carbon) and macropores (pathways for ion transport) are elec-
troneutral. Micropores, however, are ion adsorbing regions wherein electronic, ionic,
and surface charges (due to acid-base equilibrium) are in balance with zero net charge.
We here depict a special case of one acidic and one basic surface functional group in
the micropores. Note the global net neutrality of surface charges, charge in solution,
and net surface electrons within the micropore.
autoprotolysis constant (10�14 M2 at 25 �C).
The micropore volume is vm ¼ pmve, where pm is micropore

porosity and ve is (macroscopic) electrode volume. For amount
(moles) of each site (X�

i , Yj, etc), one should multiply the concen-
trations shown here by the pore volume vm. We further follow the
convention of Persat et al. (2009a, 2009b) in which one only keeps
track of hydronium (not hydroxide) ions in the formulations. Hy-
droxide concentration can, of course, be determined from the
relation for water autoprotolysis in the bulk liquid, cOH ¼ Kw=cH,
and in the micropores, cm;OH ¼ Kw=cm;H. The analytical concentra-
tion of each acidic or basic group (cXi ;0 and cYj;0) is a fixed value for
the sample and is equal to sum of the concentrations of each
ionization state of the functional group (see Persat et al. (2009a)).
Hence, we write

cXi;0 ¼ NXi;0=vm ¼ cXiH þ cX�
i
; (5)

cYj;0 ¼ NYj;0=vm ¼ cYjH
þ þ cYj

(6)

Note, the concentrations here are per micropore volume. NXi;0
and NYj ;0 are amount (moles) of acidic and basic groups of the
sample, respectively. Chemical charge density of carbon (in units of
Coulombs per micropore volume) is then

schem ¼
X
i

sX�
i
þ
X
j

sYjH
þ

¼ �F
X
i

cXi;0

�
1þ cm;H

KXi

��1

þ F
X
j

cYj;0

�
1þ KYj

cm;H

��1

;

(7)

where sX�
i
¼ �FcX�

i
and sYjHþ ¼ FcYjHþ are surface charges associ-

ated with i-th acidic and j-th basic functional group, respectively,
and F is Faraday's constant.
2.2. Electric double-layer model

We use an mD model in which the electric double layers (EDLs)
in micropore volume are treated as strongly overlapping
(Biesheuvel et al., 2011; Hemmatifar et al., 2015). This model thus
assumes uniform ion concentration within the micropores. Con-
centration of protons in micropores can then be related to that of
macropores assuming a micropore-to-macropore equilibrium
following a Boltzmann distribution of the form

cm;H ¼ cH expð � DfD=VT Þ; (8)

where DfD is Donnan potential drop between the micropores and
the adjacent (local) electrolyte solution, and VT is thermal voltage.
By taking logarithm of both sides and multiplying by negative one,
Eq. (8) can be transformed to

pHm ¼ pHþ DfD

lnð10ÞVT
; (9)

where pHm and pH are respectively the pH value at micropores and
the (local) net neutral electrolyte within macropores. Eq. (9) shows
that micropore pH value is linked with electrolyte pH through
Donnan potential. Note that we explicitly assume the micropore pH
(and not the electrolyte pH) directly determines the degree of
dissociation of functional groups, although all quantities are
coupled according to Eq. (9). Also, note the Donnan potential is only
negligible in the high ionic strength limit. So, for a finite ionic
strength electrolyte, the measurable pH (electrolyte pH) does not



A. Hemmatifar et al. / Water Research 122 (2017) 387e397390
by itself determine the degree of dissociation of functional groups.
We discuss this in more detail in Section 4.1.

Throughout this paper, we assume a binary and fully dissociated
salt such that

cm;± ¼ c± expð � z±DfD=VT Þ; (10)

where subscripts þ and � correspond to cationic and anionic
species, respectively. So, cm;þ, for example, is the micropore con-
centration of the salt cation, and cþ is electrolyte concentration of
salt cation (outside the micropores) with valence zþ. The formu-
lation here can easily be extended to arbitrary (non-binary) weak
electrolytes in solution by taking into account the dissociation
constant of dissolved species (similar to Eqs. (3) and (4)). Ionic
charge density in the micropores (in units of Coulombs per
micropore volume) can then be written as

sionic ¼ F
X
k

zk cm;k; (11)

where the summation is over all ionic species (k ¼ Hþ, OH�, þ, �).
The third form of charge (besides the chemical schem and ionic
sionic) is the electronic charge. In the simplest form, electronic
charge in carbon matrix adjacent to acidic or basic sites is a linear
function of micropore potential drop Dfm (potential difference
between electrode surface and center of micropore) as

selec ¼ Cm Dfm; (12)

where Cm is volumetric capacitance of micropores. Multiplying Cm
by vm, we arrive at total capacitance of the carbon electrode. The
chemical, ionic, and electronic charges add up to zero (charge
compensation) as in

selec þ schem þ sionic ¼ 0: (13)

The potential difference between carbon matrix and electrolyte
solution (external voltage Vext) is related tomicropore potential and
Donnan potential as

Vext ¼ Dfm þ DfD: (14)

In the case of a single floating electrode (one electrode with no
external voltage applied), electronic charge vanishes and we have
selec ¼ Dfm ¼ 0. The voltage drop across electrode and electrolyte
solution is then simply Donnan potential DfD .
2.3. Mass conservation

The model developed above is applicable in the case of negli-
gible Faradaic reactions, i.e. carbon at zero or sufficiently low
applied voltage. In this initial paper on our pH and surface charge
model, we consider ion adsorption behavior of activated carbon
electrodes disconnected from any power source and in equilibrium
with a local solution as shown in Fig. 1. The sample is in contact
with a (binary) electrolyte solutionwith initial cation concentration
of cþ;0 and anion concentration of c�;0 (see Fig. 1). We then seek a
prediction of the finial concentration of species (cþ and c�), salt
adsorption, micropore and electrolyte pH, and degree of dissocia-
tion of functional groups.

To begin, electroneutrality holds in the electrolyte in contact
with the porous material such that

zþcþ þ z�c� þ cH � Kw=cH ¼ 0: (15)

Next is the mass conservation for individual ionic species (cþ
and c� here). Upon the contact between carbon and electrolyte, the
ions redistribute between the electrolyte and micropore volumes
such that

vsol c±;0 ¼ ðvsol � vmÞ c± þ vm cm;±; (16)

where vsol is total volume of the electrolyte. For example, in a
titration experiment, vsol ¼ v0sol þ vtitrant , where v0sol is initial volume
of electrolyte and vtitrant is volume of added titrant. The left-hand
side of Eq. (16) is total amount (moles) of each ion. The first and
second term in the right-hand side are moles of each ion present
respectively in the electrolyte and in the acidic/basic micropores.
Note that for binary salt, we can define micropore cationic and
anionic salt adsorption as G± ¼ vmðcm;± � c±;0Þ. So, Gþ and G� are
respectively amount (in moles) of adsorbed cations and anions.

The set of equations in Sections 2.1e2.3 fully describe the steady
state solution of the problem with cH, cþ, c�, DfD, and Dfm as
unknowns. For our case of floating electrode, we drop Eq. (14) and
set selec ¼ 0 andDfm ¼ 0. Also, note that for the special case of ideal
solution (infinite dilution) limit, cþ, c�/0, and so cH ¼ ffiffiffiffiffiffiffi

Kw
p

(pH ¼ 7) in the electrolyte according to electroneutrality condition.
The set of Eqs. (13) and (14) in ideal solution limit then result in
non-trivial (non-zero) solutions for DfD, and Dfm. We refer the
reader to Section S-1 of the Supplementary Information (SI) for
further discussion.
3. Materials and methods

3.1. Materials

We used a commercially available activated carbon cloth (ACC)
(Zorflex FM50K, Calgon Carbon Corp., PA, USA) with 0.26 g cm�3

volumetric density. We modified pristine ACC with nitric acid (70%
w/w, Sigma-Aldrich) solution to increase the surface acidity and to
remove residual surface impurities as much as possible. To this end,
we immersed ACC into nitric acid at room temperature for 2 h. We
then rinsed ACC thoroughly with deionized water (DI) multiple
times. The electrodes were soaked in DI overnight and dried at
150 �C in a convection oven. We used this nitric acid treated acti-
vated carbon cloth (N-ACC) in all experiments in this work.
3.2. Experimental setup

We prepared several solutions of NaCl with a wide pH range
using 1 M HCl and NaOH stock solutions. To this end, we filled two
sets of 14 containers (28 in total) with 20 mM NaCl solution
(pH � 7, purged with nitrogen gas for 1 h) and added volumes of
HCl or NaOH ranging from � 3 mL to � 1 mL to each container. The
final volume of solution in each container was 25mL. Our pHmeter
was an Omega PHE-3700 probe connected to a PHH-37 pH meter
(Omega Engineering, CT, USA). Themeasured pH values of solutions
were 1.76, 2.01, 2.25, 2.69, 3.01, 3.87, 5.62, 9.33, 10.83, 11.36, 11.61,
11.92, 12.16, and 12.41. We added 0.75 g of N-ACC to each container
of the first set (sample solutions). No N-ACC was added to the
second set (control solutions). Control and sample solutions were
sealed and gently agitated for 14 h. We measured pH value and
individual ion content of the solutions after this equilibration. So-
dium and chloride ion contents were measured respectively by
inductively coupled plasma mass spectrometry (ICP-MS X Series II,
Thermo Scientific, MA, USA) and ion chromatography (DIONEX DX
500, DIONEX, CA, USA) at Stanford ICP-MS/TIMS Facility.



Table 1
Model parameters used in titration model and Fig. 2.

Parameter Description Value Unit

vm Micropore volume 0.5 mL
me Electrode mass 0.75 g
v0sol

Initial volume of solution 25 mL

cstock Titrant (HCl, NaOH) stock concentration 1000 mM

A. Hemmatifar et al. / Water Research 122 (2017) 387e397 391
4. Results and discussion

4.1. Model results and physical insights

In this section, we focus on model predictions in an attempt to
gain insight into salt adsorption and surface charge trends for
carbon under various pH environments.
zþ , z� Cation and anion valence 1 e
4.1.1. Effect of analytical concentration and pK's of surface groups
on titration curves

First, we note that our model has 2ðnX þ nYÞ free parameters
(cXi;0, cYj;0, KXi

, and KYj
for i ¼ 1;…;nX and j ¼ 1;…;nY). To study the

effect of each individual parameter, we model titration of carbon
with a strong acid and base (i.e. HCl and NaOH) and compare it to
blank titration (in absence of carbon). Although our model allows
for arbitrary number of weak electrolyte groups, for simplicity, we
use nX ¼ 1 and nY ¼ 1, and consider dissociation reactions below

XH#
KX

X� þ Hþ
m (17)

YHþ #
KY

Yþ Hþ
m (18)

Fig. 2 shows titration curves for four types of carbon, each with a
single surface functional group with a fixed pKX or pKY. Two carbon
samples have each a single acidic surface group with pKX ¼ 4 or 10
Fig. 2. Summary of characteristic shapes of predicted titration curves for samples with we
acidic functional group, and respective pKX are 4 and 10, while (c) and (d) each consider a sin
NaOH. We show results for cX;0, cY;0 ¼ 0:1, 0.5, and 1 M (solid lines). Dashed lines indicate
(Dc± ¼ c± � c±;0) as a function of pHf . Initial salt concentration and solution volume are c0
(Fig. 2a and b). The two others have each a basic surface group with
pKY ¼ 4 or 10 (Fig. 2c and d). For each case, we show the results for
three values of cX;0 or cY;0, namely, 0.1, 0.5, and 1 M (solid lines).
Dashed lines show blank titration curves. We here used an initial
salt concentration c0 ¼ 20 mM, final solution volume vsol ¼ 25 mL,
and titrant concentration of cstock ¼ 1 M (same for acid and base
titrants). Other parameters used to generate these plots are listed in
Table 1. Refer to Section S-2 of the SI for details of this titration
model. Fig. 2 summarizes basic features of model predictions which
are very useful in interpreting titration experiments. In particular,
the qualitative shape of titration curves help us individually iden-
tify if a sample has primarily weak acid groups, primarily weak
basic groups, multiple weak acid, multiple weak bases, or combi-
nation of weak acids or weak bases. For example, when titrated
with base, the acidic carbon (Fig. 2a and b) result in a negative
surface charge. The deprotonation of the surface charge, through
ak acids and weak bases for porous carbon samples. (a) and (b) each consider a single
gle basic functional group with respective pKY of 4 and 10. Titrants are 1 M HCl and 1 M
blank titrations (cX;0 ¼ cY;0 ¼ 0). Insets show change in concentration of anion/cation
¼ 20 mM and vsol ¼ 25 mL. Other parameters are listed in Table 1.
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macropore-to-micropore equilibrium, drives a net recruitment of
cations from solution and tend to lower the final pH of the solution
(pHf ). Titrating an acidic surface sample with strong acid, results in
negligible effect on pH curve of the titration as expected. We also
note that higher values of the analytical concentration of the weak
acid cX;0 result in a stronger decrease in pH compared to blank
titration. Comparison of Fig. 2a and b, highlights the effect of the
absolute value of pK of the acidic group. Note how a more acidic
(lower pK) surface group results in a more profound departure of
the titration curve from the blank at mid-range pH values.

The insets of Fig. 2a and b show change in concentration of
univalent anions and cations in the solution outside of the micro-
pores (Dc± ¼ c± � c±;0) versus pHf . Here, c±;0 is initial concentra-
tion of species (right after addition of titrant), and c± is their
concentration after carbon and electrolyte are equilibrated. As ex-
pected, we observe preferential adsorption of cations at pHf >pKX
and negligible expulsion of anions throughout the titration.
Moreover, the cation adsorption increases with analytical concen-
tration of acidic groups cX;0 (see arrows). Titration of basic carbon
(Fig. 2c and d) with strong acid, on the other hand, results in pHf
values higher than blank curve and a net positive surface charge.
This departure from blank is pronounced for pHf <pKY.

We again stress that KY and pKY are the acidic K and pK of weak
base Y (see Eq. (4) for definition). For example, a stronger weak base
Y corresponds to lower KY and higher pKY value. The insets of
Fig. 2c and d show adsorption of anions at pHf <pKY and negligible
expulsion of cations throughout the titration. The anion adsorption
here is primarily due to net positive surface charge of basic carbon.

The preferential adsorption of cations and anions is directly due
to the ability of acidic and basic functional groups to protonate or
deprotonate according to their pK value. As an example, the model
developed by Biesheuvel et al. (2015), would predict constant and
equal values of anion versus cation adsorption (and thus constant
net salt adsorption) independent of pH. We discuss the ion
adsorption in more detail in the next section.

4.1.2. Effect of ionic strength on macropore-to-micropore
equilibrium

Wehere explore the effect of ionic strength on pH variations and
surface chemical charge in the currentmodel. Fig. 3a shows final pH
Fig. 3. Ionic strength affects the equilibrium between carbon micropores and the electroly
(pHf ) for titration model with c0 ¼ 0, 1, 20, 100, and 500 mM. Surface parameters are cX;0 ¼
Fig. 2. pHm;f is lower (higher) than pHf above (below) PZC (pHPZC ¼ 7 here), and pHm;f app
groups (cX� and cYHþ ) versus pHf and (c) versus pHm;f . Curves for cX� and cYHþ collapse on
of micropore (pHm;f ) versus final pH of solution (pHf ) for initial salt
concentrations in the range of 0e500 mM (solid lines). We assume
titration of a carbon with one acidic (cX;0 ¼ 1 M, pKX ¼ 4) and one
basic (cY;0 ¼ 1 M, pKY ¼ 10) surface group. Other parameters used
are identical to those of Fig. 2. Dashed line shows where
pHm;f ¼ pHf . Note that intersection of solid and dashed lines is
actually the pH of the PZC (pHPZC), which also corresponds to a pH
where DfD ¼ 0 and schem ¼ 0. Results show that pHm;f is lower
(higher) than pHf above (below) pHPZC. The surface functional
groups of micropore (which act as weak electrolyte) oppose vari-
ations in pHm;f compared to pHf . Further, we note that pHm;f ap-
proaches pHf only at high ionic strengths. This is a feature not
observed in simple buffers and is strictly resulting from the
macropore-to-micropore equilibrium. As we will discuss later in
this section, this dependence on ionic strength is indicative of a
shift in the adsorption dynamics from net salt adsorption to ion
swapping. Also, note that as per Eq. (8), the Donnan potential DfD
approaches zero in the limit of high ionic strength.

The difference between pHm;f and pHf implies that the
measured pH of electrolyte (pHf ) may not accurately represent
micropore environment, and consequently, surface pK and surface
charge. We illustrate this in Fig. 3b and c, where we plot concen-
tration of charged acidic and basic groups (cX� and cYHþ ) as a
function of pHf and pHm;f . When plotted against pHm;f , cX� and
cYHþ artificially appear to be strong functions of initial salt con-
centration c0 (see Fig. 3b). Note that the observed pK 's (half-disso-
ciation points) in this case approach the actual values (pKX ¼ 4 and
pKY ¼ 10) only in the limit of c0/∞. On the other hand, Fig. 3c
shows that all cX� and cYHþ curves collapse when plotted against
pHm;f on which they depend strongly.

We note that dissociation constants are here assumed to be
constant. Ideally, dissociation constants are corrected for ionic
strength, for example using a Davies-type equation (Persat et al.,
2009a). Further, dissociation constants might be functions of car-
bon electric potential as well. We chose to not to adopt such cor-
rections in this work in order to simplify the presentation and
because (1) our current focus is the effect of ionic strength on dif-
ferences in electrolyte and micropore environments through
te (outside the micropore). (a) Final micropore pH (pHm;f ) versus final electrolyte pH
1 M, pKX ¼ 4, cY;0 ¼ 1 M, and pKY ¼ 10, and other parameters are similar to those of

roaches pHf only at high ionic strengths. (b) Concentration of charged acidic and basic
to a single curve when plotted against pHm;f , as per our formulation.
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adsorption process, and (2) the applicability of the Davies equation
for correction of pK values within a micropore (and overlapped
double layers) is an open question. We hope to study this further in
future work.

Throughout this section (Section 4.1), for simplicity of presen-
tation, we considered a symmetric case for carbon with cX;0 ¼ cY;0,
pKX ¼ 4, and pKY ¼ 10. Hence, the results are symmetric around
pHPZC ¼ 7. In Section S-3 of the SI, we present the results for an
asymmetric carbon with cX;0 ¼ cY;0 and pKX ¼ 4 (as before), but
with pKY ¼ 8.

4.1.3. Determination of point of zero charge
As mentioned earlier, PZC corresponds to schem ¼ 0 and

DfD ¼ 0. We here discuss the effect of dissociation constant of
surface groups and their concentrations as well as ionic strength on
pHPZC for a simple case of one acidic and one basic surface func-
tional group. We also provide insights for the general case. PZC in
our simple case requires

� cX;0
1þ cH=KX

þ cY;0
1þ KY=cH

¼ 0; (19)

which can be recast as a quadratic equation in cH with a unique real
positive root (from Descartes' rule of signs). The first term in
Eq. (19) is the (negative) surface charge associated with acidic
group (sX� ), and the second term is (positive) charge due to basic
group (sYHþ ). By assuming fixed dissociation constants, Eq. (19) and
hence pHPZC are independent of ionic strength (see Fig. 3a). For a
general case of nX acidic and nY basic groups, the resulting equation
is a polynomial of degree nX þ nY. We solve Eq. (19) for cX;0 > cY;0
and cX;0 < cY;0, take the logarithm of the solution, and arrive at

pHPZC ¼
�
pKX � log a1 � log ε cX;0 > cY:0
pKY þ log a2 þ log ε cX;0 < cY;0

; (20)

where 0<a1 ¼ cX;0=cY;0 � 1 and 0<a2 ¼ cY;0=cX;0 � 1, and ε can be
written as

ε ¼ 1
2

�
1þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 4ðaþ 1Þ=a2$KY=KX

q �
; (21)

where a is either a1 or a2 (both result in the same value of ε).
Eq. (20) generalizes the effect of individual pK 's and analytical
concentrations (cX;0 and cY;0) on PZC. In special case of cX;0 ¼ cY;0
(i.e. in the limit of a1, a2/0), we arrive at the simple result that
pHPZC ¼ ðpKX þ pKYÞ=2 (which may be familiar to readers experi-
enced in buffer calculations). In Fig. S.3 of the SI, we show pHPZC as a
function of a1 and a2 for pKX ¼ 4 and pKY ¼ 10. We show that
pHPZC decreases with a1 (where cX;0 > cY;0) and increases with a2
(where cX;0 < cY;0), and further demonstrate that, for a1[a0
(where a0 is some threshold that depends solely on pKX and pKY), ε
approaches unity and according to Eq. (20), pHPZC is independent of
pKY. In the case where a2[a0, ε approaches unity but then pHPZC
is independent of pKX. Refer to Section S-4 of the SI for more in-
formation. These observations help in quick estimates of pHPZC
given some knowledge of surface pK values.

4.1.4. Chemical charge efficiency: a new parameter for salt removal
efficiency due to surface charge

Lastly, we discuss the effect of pH and ionic strength on
adsorption mechanisms and define parameters to identify them.
Fig. 4a shows net salt adsorbed G as a function of pHm;f for a carbon
with one acidic (cX;0 ¼ 1 M, pKX ¼ 4) and one basic (cY;0 ¼ 1 M,
pKY ¼ 10) surface groups at various initial salt concentration c0 in
the range of 0e500 mM. Other parameters used are identical to
those of Fig. 2. Salt removal G (in units of moles) for a univalent
electrolyte is calculated as

G ¼ Gþ þ G� ¼ vm
��
cm;þ � cþ;0

�þ �
cm;� � c�;0

��
; (22)

where Gþ and G� are cationic and anionic salt adsorption (sodium
and chloride ions, for instance). We stress that cþ;0 and c�;0 differ
from initial salt concentration c0. These are theoretical cation and
anion concentrations the solution would obtain without carbon-
electrolyte equilibration, while c0 is an initial salt concentration
in the absence of added titrant. Results show considerable salt
adsorption at pHm;f <pKX and pHm;f >pKY and much lower
adsorption otherwise. This expected trend is in accordance with
higher net negative (positive) micropore surface charge at pH
values lower (higher) than pKX (pKY). In Section 4.1.1, we show
experimental results which support this observation. Fig. 4a also
shows that at a fixed pH environment (fixed pHm;f ), salt adsorption
G decreases with increase in c0 (or equivalently, initial ionic
strength). For example, at pHm;f ¼ 3, salt adsorption is almost
halved when initial salt concentration increases from 20 to
500 mM. This result can be attributed to a higher degree of
expulsion of co-ions (ions with like charge relative to that of surface
groups) at higher initial concentrations. At lower salt concentra-
tions, co-ion expulsion is less important than counter-ion recruit-
ment into the micropore. The two insets of Fig. 4a illustrate this
point. The insets show individual cationic and anionic salt
adsorption Gþ and G� for c0 ¼ 20 and 500 mM cases. At low ionic
strengths, counter-ion adsorption (i.e. adsorption of cations at high
pHm;f and anions at low pHm;f ) dominates relative to co-ion
expulsion. For example, Gþ[jG�j at pHm;f ¼ 11 and jGþj≪G� at
pHm;f ¼ 3. Conversely, at high ionic strengths corresponding to
small Donnan potentials, counter-ion adsorption and co-ion
expulsion are of the same order (jGþjzjG�j). In other words, low
ionic strength can be associated with counter-ion recruitment and
salt adsorption, while high ionic strength leads to increased ion
swapping. We here propose a characterization of this effect by
defining a signed “chemical charge efficiency” parameter as

Lchem ¼ FG
Schem

¼ FðGþ þ G�Þ
vmschem

; (23)

where Schem ¼ vmschem is net micropore surface charge in units of
Coulombs. Fig. 4b shows chemical charge efficiency as a function of
pHm;f for parameters identical to those of Fig. 4a. Results show that
at pHm;f ¼ pHPZC, Lchem ¼ 0, and associated zero anion or cation
adsorption. At pHm;f >pHPZC, cation adsorption is greater than
anion expulsion (Gþ > jG�j), and the surface charge is positive
(Schem >0), and hence Lchem >0. At pHm;f <pHPZC, however, cation
adsorption is lower than anion expulsion (jGþj<G�), surface charge
is negative (Schem <0), and so Lchem <0. Further, chemical charge
efficiency approaches unity (in magnitude) at low ionic strengths,
since counter-ion adsorption is much greater than co-ion expul-
sion. For pHm;f values very close to pHPZC, however, chemical
charge density and adsorbed salt both vanish. At this limit, adsor-
bed salt G approaches zero faster than surface charge Schem (in
magnitude) such that chemical charge efficiency (FG=Schem ratio)
approaches zero (see Fig. 4.). We note that negative chemical
charge efficiency here does not mean ion expulsion dominates ion
adsorption (note, G>0 for all ionic strengths after all), nor does it
imply that electrolyte ionic strength (outside carbon micropores)
increases to a higher value. A negative chemical charge efficiency
simply indicates that net micropore surface charge Schem (or
equivalently, surface chemical charge density schem) is negative.



Fig. 4. Effect of ionic strength and micropore pH environment on salt adsorption dynamics. (a) Net adsorbed salt G ¼ Gþ þ G� as a function of pHm;f for a carbon with one acidic
(cX;0 ¼ 1 M, pKX ¼ 4) and one basic (cY;0 ¼ 1 M, pKY ¼ 10) surface groups for c0 ¼ 0, 20, 100, and 500 mM. Other parameters are identical to those of Fig. 2. Salt adsorption is
considerable at pHm;f <pHX and pHm;f >pHY. Further, the magnitude of salt adsorption decreases with increasing ionic strength (or equivalently with increasing c0). The insets
show individual cationic and anionic salt adsorption (Gþ and G�) for c0 ¼ 20 and 500 mM. (b) Chemical charge efficiency versus pHm;f for the same c0 values as in (a). At low ionic
strengths, counter-ion adsorption (cations at high pHm;f and anions at low pHm;f ) dominates co-ion expulsion and so jLchemj / 1. At high ionic strengths, however, counter-ion
adsorption and co-ion expulsion are of the same order (ion swapping) and hence Lchem/0.

Fig. 5. Model and experimental results of pH shift and ion adsorption. (a) Final electrolyte pH (pHf ) versus initial pH (pH0) for N-ACC samples (circles), control samples (squares),
and fitted model (solid line). Dashed line shows pHf ¼ pH0. pHf for N-ACC samples is higher than pH0 for pH0 <5, and is lower than pH0 for pH0 >5. N-ACC therefore is an ion
adsorbent with pHPZC � 5. (b) Change in concentration of sodium and chloride ions versus pHf for experiments and fitted model. Results show specific adsorption of chloride ions at
pHf <pHPZC and strong adsorption of sodium ions otherwise. We modeled N-ACC with cX;0 ¼ 1:17 M, cY;0 ¼ 1:1 M, pKX ¼ 4, and pKY ¼ 8. Other parameters used in the model are
listed in Table 2.
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4.2. Experimental results and model verification

As described in Section 3.2, we prepared 28 containers of NaCl
solutions with a wide pH range by adding 1 M HCl or NaOH to
20 mM NaCl electrolyte. Measured pH values were in the range of
1.76e12.41 and final volume of each container was 25 mL. We
added 0.75 g of N-ACC samples to half of the containers. The rest of
containers were used as control (no N-ACC added). We measured
final pH value and individual ion concentration of the solutions
after 14 h agitation.

Fig. 5a shows final pH of electrolyte (pHf ) as a function of initial
pH of solution (pH0) for both experiments and model. Circle and
square markers show the results for N-ACC samples and control
experiments, respectively. Dashed line represents pHf ¼ pH0.
Control experiments (square markers) very closely follow the
dashed line, indicating trace dissolved carbon dioxide results in a
minimal drift in pH (all samples purged with nitrogen gas and
carefully sealed). Solutions with N-ACC samples (circle markers),
however, noticeably deviate from dashed line. pHf is higher than
pH0 for pH values below � 5, and is lower than pH0 for pH values
above� 5. This suggests that N-ACC has pHPZC � 5 , as it behaves as
a base at pH0 <5 and behaves as acid at pH0 >5. Fig. 5b shows
change in concentration of sodium and chloride ions versus pHf for
the same experiments as in Fig. 5a. Results show strong adsorption
of chloride ions at low pH (pHf <5) and strong adsorption of so-
dium ions otherwise.

Based the experimental measurements above, and for
simplicity, wemodeled N-ACC surface as an ion adsorbent with one
acidic and one basic group. Solid lines in Fig. 5a and b show the
model predictions using cX;0 ¼ 1:17 M, cY;0 ¼ 1:1 M, pKX ¼ 4, and
pKY ¼ 8 as free parameters. We found values of free parameters by
minimizing the absolute value of the error between experiments



Table 2
Parameters used in model for N-ACC samples.

Parameter Description Value Unit

cX;0 Analytical concentration of acidic group 1.17 M
cY;0 Analytical concentration of basic group 1.1 M
pKX pK value of acidic group 4 e

pKY pK value of basic group 8 e

vm Micropore volume 0.5 mL
ve Electrode volume 2.9 mL
me Electrode mass 0.75 g
vsol Final volume of solution 25 mL
cstock Titrant (HCl, NaOH) stock concentration 1000 mM
zþ , z� Cation and anion valence 1 e

c0 Initial salt concentration 20 mM
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and model. We list the parameters and other constants used in
Table 2. Results show a good agreement between experiments and
model and suggest that a simple two pKmodel can predict pH shifts
and ion adsorption characteristics of N-ACC samples. Goodness of
fit to the model is evaluated using coefficient of determination (R2).
R2 is 0.95 and 0.998 for sample and control experiments (Fig. 5a)
and is 0.94 and 0.93 for cation and anion concentration change
(Fig. 5b).
4.3. Prediction of N-ACC surface charge

We used the fitted model above to estimate the surface charge
of N-ACC samples. Fig. 6a shows surface charge density (schem) as
well as its associated acidic and basic surface charges (sX� and sYHþ )
as a function of micropore pH (pHm;f ). We here used c0 ¼ 20 mM
(similar to experiments). Other c0 values result in identical curves.
We again stress that c0 is initial dissolved salt concentration in the
absence of added titrant. Fig. 6b shows sX� , sYHþ , and schem as a
function of final electrolyte pH (pHf ) for c0 values in the range of
0e500 mM. This figure shows that when plotted against pHf , sur-
face charges (sX� , sYHþ , and schem) artificially appear to be strong
functions of initial salt concentration c0. Left and right axes show
surface charge densities in units of C cm�3 andM, respectively. Note
that schem ¼ sX� þ sYHþ according to Eq. (7). The magnitudes of sX�

and sYHþ each strictly decrease with pHf and result in a net positive
surface charge for pHf <5 and net negative charge for pHf >5. This
is in accordance with specific adsorption of anions (cations) at pHf

values lower (higher) than � 5 observed in experiments. Other
parameters used in calculation of charge densities are listed in
Fig. 6. Prediction of net, acidic, and basic surface charge densities (schem , sX� , and sYHþ ) of N
(pHm;f ) and (b) final electrolyte pH (pHf ). Net surface charge density is sum of acidic and ba
calculation of charge densities are listed in Table 2.
Table 2.
We note that in CDI operation, the electrodes usually experience

voltage windows of around �1:2 to 1:2 V. This applied voltage
range has been shown (He et al., 2016; Lee et al., 2010) to pro-
foundly change pH of effluent solution (up to 5 units). Therefore,
since surface charge density schem is pH dependent, it inevitably
varies in a CDI cycle. This highlights the importance of CDI models
where surface charge is allowed to vary based on surface dissoci-
ation constants.

4.4. Proposed generalization for charge efficiency of CDI systems

We here present a proposed generalization of the often cited
and reported charge efficiency parameter for CDI systems. The
charge efficiency is typically defined as ratio of adsorbed salt to
electronic charge as in FG=Selec (Cohen et al., 2011; Gao et al., 2014;
Hemmatifar et al., 2015; Zhao et al., 2010), where Selec ¼ vmselec is
electronic charge in units of Coulombs. However, the common
expressions for charge efficiency are only function of external
voltage, initial salt concentration, and electrode capacitance, and
thus do not account for surface charge effects. Hence, we here
propose the following generalization for charge efficiency including
functional groups with surface dissociation constants (pK). For
simplicity, we assume that the electrolyte volume is large enough
such that (1) initial and final electrolyte salt concentrations are
approximately equal to each other and constant (cþ ¼ cþ;0 and
c� ¼ c�;0), (2) initial and final pH of electrolyte are equal, and (3) pH
is moderate (4e10) (Persat et al., 2009a) such that salt anion
(cation) concentration is considerably larger than hydronium (hy-
droxide) concentrations (e.g., salt concentration in CDI is typically
10e100 mM whereas cH ¼ 0:1 mM at pH ¼ 4). We then substitute
Eqs. (7), (11), and (12) into Eq. (13) and solve for DfD. Salt con-
centration G can now be written as 2c0vmðcoshðDfD=VT Þ � 1Þ (see
Eq. (22)). Refer to Section S-5 of the SI for more detailed derivations.
We then define the generalized charge efficiency as

L ¼ FðG� GPZCÞ
Selec

¼ 2Fc0vm
Cm

,
coshðDfD=VT Þ � coshðVPZC=VT Þ

Vext � DfD
;

(24)

where GPZC is salt adsorbed at potential of zero charge VPZC (i.e.
potential at which Selec ¼ 0) and can be written as
2c0vmðcoshðVPZC=VT Þ � 1Þ. Note that charge efficiency is now a
function of external voltage, initial pH, ionic strength (or c0), and
surface properties (i.e. cX;0, cY;0, pKX, and pKY). We also note that
-ACC samples in units of C cm�3 (left axis) and M (right axis) versus (a) micropore pH
sic surface densities. pHPZC (where schem ¼ 0) is � 5 for our N-ACC. Parameters used in
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due to presence of surface charge, it is possible for G to have a non-
zero value when Selec ¼ 0 (i.e. at point of zero charge). Hence,
Eq. (24) defines generalized charge efficiency in terms of the salt
adsorbed relative to a base value of GPZC . Hence, we formulate in
terms of the difference G� GPZC in the numerator (this also en-
sures that the quantity L is bounded). In Section S-5 of the SI, we
show plots of adsorbed salt and electronic charge as well as
generalized charge efficiency vs Vext in the range of �0:5 to 0:5 V.
We present these results and formulation as a purely theoretical
description of generalized charge efficiency which we hope to
experimentally validate as part of future work, including experi-
ments of full CDI cells with electrodes with significant surface
charge.
5. Conclusions

We here expanded the current CDI-based surface charge models
by coupling the mD model with weak electrolyte acid-base equi-
libria theory. Our model is based on a more physical treatment of
the surface functional groups wherein the surface groups can
protonate or deprotonate based on their individual pK values and
micropore pH environment. Our formulation is applicable to arbi-
trary number of immobile (acidic or basic) surface functional
groups. We applied our model to titration of activated carbon and
showed (1) specific adsorption of cations and expulsion of anions at
electrolyte pH values higher than pK of acidic groups, and (2)
specific adsorption of anion and expulsion of cations at pH values
lower than pK of basic groups. We studied equilibrium between
micropores and macropores and proposed a model wherein
micropore pH (and not directly the electrolyte pH) directly de-
termines the degree of dissociation of functional groups. Hence, the
electrolyte pH alone does not reflect ionization state of functional
groups. This feature is strictly resulting from the macropore-to-
micropore equilibrium and is not observed in simple buffers cal-
culations. We further showed that this equilibrium is ionic strength
dependent and is indicative of a shift in the adsorption dynamics
from net salt adsorption to ion swapping. We introduced a new
parameter we call chemical charge efficiency and showed that (1) it
approaches unity (in magnitude) at low ionic strengths, where
counter-ion adsorption dominates co-ion expulsion, and (2) it
vanishes at high ionic strengths, where counter-ion adsorption and
co-ion expulsion are of the same order (ion swapping). We vali-
dated our model by comparing predictions to experimental mea-
surements from well controlled titration experiments of N-ACC
samples. We measured initial and final pH of electrolyte after
adding N-ACC samples as well as initial and final concentrations of
individual ionic species (sodium and chloride) inductively coupled
plasma mass spectrometry (ICP-MS) and ion chromatography (IC).
Our fitted model with one acidic and one basic surface group
showed a very good agreement with the experiments (with
cX;0 ¼ 1:17 M, cY;0 ¼ 1:1 M, pKX ¼ 4, and pKY ¼ 8). Results showed
strong adsorption of chloride ions at pHf <5 and strong adsorption
of sodium ions otherwise. Finally, we used our model to estimate
the surface charge of N-ACC samples and showed that net surface
charge is negative (acidic) at pHf <5 and is positive (basic)
otherwise.
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