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The “capacitive mixing” (CAPMIX) is one of the techniques aimed at the extraction of energy from the
salinity difference between sea and rivers. It is based on the rise of the voltage between two electrodes,
taking place when the salt concentration of the solution in which they are dipped is changed. We study
the rise of the potential of activated carbon electrodes in NaCl solutions, as a function of their charging
state. We evaluate the effect of the modification of the materials obtained by adsorption of charged mol-
ecules. We observe a displacement of the potential at which the potential rise vanishes, as predicted by
the electric double layer theories. Moreover, we observe a saturation of the potential rise at high charging
states, to a value that is nearly independent of the analyzed material. This saturation represents the most
relevant element that determines the performances of the CAPMIX cell under study; we attribute it to a

© 2014 Elsevier Inc. All rights reserved.

1. Introduction

Naturally occurring salinity differences can be used for generat-
ing completely clean and renewable energy [1-3]. For example,
each liter of river water dispersed into the sea corresponds to a free
energy loss of around 2.3 kJ, and a significant fraction of this energy
could be intercepted and converted into electrical energy. Consid-
ering all the rivers, the global potential of this source of energy is
around 1 TW [4], a relevant fraction of the whole energy demand.
Brines can also be locally available: for example, salt lakes (e.g.
Dead Sea) [5], coal-mine brines [6] produced by dissolving geolog-
ical deposits, or salterns [7]. They can be used vs. sea water, thus
avoiding the fresh water consumption.

The key point of the above described processes is the conver-
sion of the salinity difference into electrical current. Known tech-
niques include pressure-retarded osmosis (PRO) [8-10] and
reverse electrodialysis (RED) [11,12]. In PRO, a semi-permeable
membrane is interposed between salt and fresh water, generating
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an osmotic water flow that is fed to a turbine. In RED, the mem-
branes are permeable to either positive or negative ions; the ion
diffusion across them constitutes a current that can be extracted.

A new technique, called “capacitive mixing” (CAPMIX) has been
recently introduced [13-17]. This technique performs the mixing
process of the two solutions in a controlled way, by means of the
CAPMIX cycle sketched in Fig. 1a. A cell contains a couple of elec-
trodes, dipped into the ionic solution. The cycle begins with the cell
filled with the high-salinity solution. The four steps are as follows:

A The cell is charged by means of an external device.

B The circuit is opened. The solution in the cell is substituted
with the low-salinity feed solution.

C The cell is discharged through a load; the electrical current
flows in the opposite direction with respect to step A.

D The circuit is opened. The liquid in the cell is substituted with
the high-salinity feed solution.

Fig. 1b shows the voltage vs. charge graph for this cycle. During
step A the cell voltage increases, and an electrical charge is tempo-
rarily stored in the electrodes. The solution change that takes place
in step B, in open circuit, induces a cell voltage rise AV. The stored
charge is recovered in step C, at a higher voltage with respect to
step A. For this reason, due to the voltage rise, the curve encloses
an area, which represents the extracted energy.


http://crossmark.crossref.org/dialog/?doi=10.1016/j.jcis.2014.08.070&domain=pdf
http://dx.doi.org/10.1016/j.jcis.2014.08.070
mailto:massimo.marino@unimib.it
mailto:lorenza.misuri@unimib.it
mailto:lorenza.misuri@unimib.it
mailto:jimenezo@ugr.es
mailto:sahualli@ugr.es
mailto:kozynch@mastcarbon.co.uk
mailto:steve.tennison@mastcarbon.co.uk
mailto:marek.bryjak@gmail.com
mailto:dbrogioli@gmail.com
http://dx.doi.org/10.1016/j.jcis.2014.08.070
http://www.sciencedirect.com/science/journal/00219797
http://www.elsevier.com/locate/jcis

M. Marino et al./Journal of Colloid and Interface Science 436 (2014) 146-153 147

§!
=

(B) low—concentration
solution

U

Load

$m =

=
g L
j/?/ 5// G)
/
e, 22
= 2
e
(D) high—concentration (C) discharging
solution
(a)
220 T T T
215 | -
210 .
3
—= 205 C B b
3
>
© 200 F 4
[*)] L~
8
S 1o5f -
3
10 P A -
185 -
180 L L L
0 0.5 1 1.5 2

Charge Q (mC)
(b)

Fig. 1. The CAPMIX cycle. Panel a: sketch of the cycle. Panel b: representation of the
cycle in the voltage vs. charge graph. The phases are: A, charging; B, flow of low-
salinity solution; C, discharging; D, flow of high-salinity solution.

During step A, the ions coming from the solution at higher salin-
ity are temporarily stored into the electrodes, and they are later
released into the solution at lower salinity during step C, thus
decreasing the total salinity difference. This process can be
described as a capacitor-mediated mixing, hence the name “capac-
itive mixing”. It is thus evident that the energy is extracted at the
expense of the free energy of the solutions; indeed, it has been
shown that the voltage rise is connected with the ability of the
electrodes to store the salt inside them, when they are charged
during phase A [18].

The key element of the CAPMIX technique is the voltage rise
that takes place when the solution concentration is changed:
indeed, the produced power is roughly proportional to the square
of the voltage rise, by assuming a fixed internal resistance. Various
techniques, based on different physical principles and making use

of different types of electrodes, have been proposed for obtaining
the voltage rise:

Capacitive double layer expansion (CDLE) makes use of micro-
porous (typically, activated carbon) electrodes [19-21]. The
voltage rise is due to the variation of the thickness of the elec-
tric double layer that forms on the internal surface of the porous
electrodes.

Capacitive Donnan potential (CDP) makes use of assemblies,
each composed by an activated carbon electrode covered with
a perm-selective membrane [22-26]. The voltage rise is due
to the variation of the Donnan potential across the membrane.
Battery-like electrodes make use of materials that capture the
ions in the solution by means of redox reactions [27-30]. The
voltage of the electrodes with respect to the solution reflects
the chemical potential of the ions in the solution, that changes
according to the variation of their activity; this originates the
voltage rise.

In the seminal work [13], the electric double layers necessary
for the CDLE technique were created by electrically charging the
electrodes by means of an external power supply. Unfortunately,
the self-discharge of the activated carbon led to the necessity of
continuously charging the electrodes, thus losing an amount of
power that was comparable with the produced power. For this rea-
son, experimental and theoretical investigations have been carried
out [31,32] about the possibility of “chemically” charging the elec-
trodes, so as to produce on their surface an electric double layer
without the need of an external power supply, and so without
undergoing the self-discharge phenomenon. A similar chemical
charging has been already studied in the context of capacitive dei-
onization [33].

In this paper, we present results on the open-circuit potentials,
either in high- or low-salinity solutions, of activated carbon elec-
trodes that are chemically charged by adsorption or chemical bind-
ing of charged molecules on their surface, obtained by means of
suitable specific treatments. In Section 2 we describe the experi-
mental methods and the preparation of the samples, while in Sec-
tion 3 we present the experimental results. We show that the
modification with charged molecules changes the potential rise
of the electrodes, and allows us to produce couples of electrodes
with improved voltage rise.

In order to shed light on the physical processes lying behind the
observed behavior, we also study the relationship between the
potential rise and the base potential, i.e. the potential of the elec-
trode in the high salinity solution, as determined by the electrode’s
charging status. Various models predict [31] that the potential rise
saturates to a constant positive (negative) value for increasing
(decreasing) base potential, with a transition between the two at
intermediate potentials. Our experimental results show that, in
all the samples, it is possible to observe at least one of the two sat-
urations (either at high or low potentials) in the range of base
potentials that is accessible by experiments; moreover, a part of
the transition zone is also visible. In Section 4 we discuss the
results and propose qualitative explanations.

2. Materials and methods
2.1. Experimental setup

Fig. 2a shows the experimental setup. The liquid in the cell can
be switched between two solutions at different concentrations. The
voltages of the two activated carbon electrodes with respect to the
reference electrode are monitored; the resulting potentials are
called ¢(t) and ¢@(t), respectively for the working and counter
electrodes (arbitrarily chosen). In the work presented in this paper,
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Fig. 2. Panel a: experimental setup. Panel b: potentials ¢(t) and ¢.(t) of the two
electrodes as functions of time during salinity change cycles. The cell voltages
Ve (t) = @(t) — @(t) in the two different solutions are represented by the arrows.
The electrodes are made of NS30 material, respectively functionalized by adsorp-
tion of PEI-EN and p-TSA (see Section 2.4 for the description of the materials). The
salinities of the solutions are 500 mM and 20 mM of NaCl respectively. The blue
shaded areas represent the low-salinity steps of the cycle. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of
this article.)

all the potentials are measured with respect to a Ag/AgCl reference
electrode with 3 M concentration of KCl. We also have the possibil-
ity to charge one of the electrodes at a given voltage with respect to
the reference electrode, by means of a potentiostat, using the other
electrode as counter electrode.

2.2. Definition of electrode potential, potential rise and cell voltage

The graph in Fig. 2b shows a typical behavior of the potentials
¢@(t) and ¢@(t) of the two electrodes as functions of time during
the salinity change cycle. It can be noticed that the potential ¢(t)
of the working electrode changes as a function of the salinity of
the solution in which it is immersed. It asymptotically reaches
the values ¢! and ¢! respectively in the high- and low-salinity

solutions, at concentrations cy and c;. The potential in high-salinity
solution, i.e. ", will be called the “base potential” in the following,
and represents the charging status of the electrode; however, the
choice of the high-salinity solution for the definition of the base
potential is arbitrary. We will define ¢ and ¢% analogously, for
the counter electrode. The potential rise of an electrode is the dif-
ference between the potentials in the dilute and concentrated solu-
tions. The potential rise is thus defined as Ap = @' — ¢! and
Apc = @k — @l respectively for the working and counter elec-
trodes. We can notice that the two electrodes of Fig. 2b have volt-
age rises with opposite signs.

The cell voltage, defined as V..(t) = @(t) — @(t), also changes
as a function of the salinity, with a cell voltage rise

AVCE,, = A(p — AQDC (1)

The cell voltages at low and high salinity are represented by the
two arrows in the graph of Fig. 2b. Note that, at variance with the
cell represented in Fig. 1, in this case the cell voltage is higher in
the high-salinity solution.

Appropriate CAPMIX electrodes require two characteristics: the
ability to store charge and the existence of a cell voltage rise AV
upon salinity change; in turn, this feature requires that the poten-
tial rises A and A of the two electrodes are different, like in the
case of the electrodes reported in Fig. 2. It is desirable that one of
the electrodes has a positive potential rise and the other a negative
potential rise. In the following, we will use the terms “positive-
potential-rise” and “negative-potential-rise” electrodes to refer to
electrodes with positive (i.e. ¢' > ¢") and negative (¢' < ¢)
potential rise, respectively; in all the studied cases, this means that
they adsorb anions and cations, respectively. The relation between
the voltage rise and the salt adsorption has been recently studied
[18]. It’s worth noting that the notion of positive- and negative-
potential-rise does not mean that the electrode is the “positive”
or the “negative” electrode of a given couple, like in batteries,
nor is it related to the behavior as “anode” or “cathode” in an elec-
trochemical cell.

The produced power is of the order of the square of the cell volt-
age rise AV . For this reason, for CAPMIX we will select couples of
electrodes with the largest difference of potential rises A — Ag.
This explains the importance of the concept of the potential rise for
the CAPMIX technique.

2.3. Measurement of the potential rise at various base potentials

When an activated carbon electrode is dipped into an ionic
water solution, its open-circuit potential takes a characteristic
value ¢, that we call “spontaneous potential”. Such electrodes
act as supercapacitors: they can accumulate a charge, and their
potential changes roughly proportionally to the accumulated
charge. The open-circuit potential of the electrode can thus be
changed. Nevertheless, if the electrode is left in open circuit for a
sufficiently long time, it slowly comes back to its spontaneous
potential [32]: it is the well-known self-discharge, which takes
place on a time scale of the order of hours. Indeed, in the literature
[34] the term “open-circuit potential” is usually only reserved to
the spontaneous potential.

The measurement of the potential rise can be performed on the
time scale of the minutes, that is much shorter than the time scale
over which the self-discharge takes place. By charging the elec-
trode under analysis by means of a potentiostat, it is thus possible
to vary its potential in the high salinity solution from the sponta-
neous value ¢ to another arbitrary (at least in a certain range)
value ", and then measure the potential rise A¢ in open circuit
at that given base potential ¢".

Experimentally, the measurement of the Ag vs. ¢ curve is per-
formed as follows. The potential of the electrodes is monitored
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with respect to a reference electrode (Ag/AgCl in 3 M KCl). The
salinity of the NaCl solution is switched between 20 mM (typical
river water concentration) and 500 mM (typical sea water concen-
tration) every 120 s and the potential rise is evaluated as the differ-
ence between the potentials that are reached at the end of each
step. We also pay attention to subtract from the measurements a
possible drift of the potential due to self-discharge, which as we
have explained is however small on such short time-scales.

The base potential of the electrodes just dipped into the solu-
tions is assumed to be the spontaneous potential. Different base
potentials are obtained by charging the electrodes for 30 min at a
constant potential with respect to the reference electrode by
means of the potentiostat.

As the base potential is progressively displaced from the spon-
taneous potential, the effect of the self-discharge becomes increas-
ingly evident [32]. The self-discharge becomes particularly
relevant below —100 mV and above 600 mV. The presence of the
self-discharge prevents measurements outside this range. A
description of various Faradaic reactions that are likely to be
involved in the self-discharge process on the surface of the acti-
vated carbon can be found in the review [35] (see Section 4.4.2
and Fig. 9 thereof), in the context of capacitive deionization.

By observing the A vs. @' curve of an activated carbon, it can
often be noticed that it intersects the horizontal axis A =0 at
some value @' = @°. We will call ¢° the “potential of zero-rise”
(PZR). If the potential rise is due to the electric double layer
dynamics, the PZR ¢° correspond to the potential at which the dif-
fuse part of the double layer disappears, and does not necessarily
correspond to the potential of zero charge [31].

2.4. Materials

The electrodes we analyzed are 1 x 1 cm graphite foils, constitut-
ing the current collector, covered with a 100 pum-thick film. In the
experiments, we used the following commercially available acti-
vated carbon materials, specifically designed for supercapacitors:

NS30 Norit DLC Super 30 [36].
YP-50F Kuraray Chemical Co. steam activated coconut carbon
[37].

The NS30 films were first prepared as follows. A slurry is
obtained by mixing 90% of activated carbon powder and 10% poly-
vinylidene fluoride (PVDF) as a binder, plus N-Methyl-2-pyrroli-
done as solvent. The slurry is then cast on the current collector
by doctor blade technique. After drying, the films are approxi-
mately 100 um thick, with a mass of approximately 10 mg/cm?>.

After casting, some of the NS30 films were chemically function-
alized by adsorption of either p-toluenesulfonic acid (p-TSA, a neg-
atively charged molecule) or polyethyleneimine branched with
ethylene diamine (PEI-EN, a positively charged polymer), using
the following methods. In the first case, the current collector with
the NS30 film is dipped into an aqueous solution with 50% p-TSA.
The solution is heated in a boiling water bath until solution tem-
perature reaches 90 °C and left for spontaneous cooling overnight.
The modified electrode is then rinsed with deionized water and
dried at ambient conditions. The modification with PEI-EN is
instead carried out by brush-coating of the NS30 film with 30%
aqueous PEI-EN solution followed by drying in the oven at 110 °C
for one hour. The resulting films are named “NS30”, “NS30 + p-
TSA” and “NS30 + PEI-EN” respectively for the unmodified material
and for the material with adsorbed p-TSA and PEI-EN.

One of the slurries used for preparing the YP-50F films was com-
posed by 80% activated carbon powder, 10% TiO, powder and 10%
polyvinyl chloride as binder. The second slurry was composed by
90% activated carbon powder and 10% chitosan as binder. Chitosan

in water has positively charged groups NH>*, and we assume that it
is partially adsorbed in the activated carbon particles during the
preparation of the sample. The slurries were then cast on the graph-
ite current collector by doctor blade technique. After drying, the
films are approximately 100 pum thick. The obtained films will be
named respectively “YP-50F + TiO,” and “YP-50F + chitosan”. We
can argue that, from our point of view, the main difference between
them is that the latter contains adsorbed chitosan, and so positively
charged molecules, which are instead absent in the former.

3. Experimental results

The open circuit potentials, during salinity change cycles, of
three different materials are shown in Fig. 3. The graphs show
the base potential ¢ and the potential rise Ag. It can be noticed
that the materials have different base potentials and potential
rises.

Fig. 4 shows the measured potential rises of the two materials
without adsorbed molecules, i.e. NS30 and YP-50F + TiO,, at their
spontaneous potentials and in charged conditions. It can be noticed
that the potential rise changes as a function of the base potential,
and thus of the charge accumulated in the electrode. A nearly lin-
ear dependence can be observed in a quite wide range of base
potentials; the slope is similar for the two materials. For ¢y
approaching 500 mV, the potential rise of NS30 seems to present
a saturation at approximately 45 mV. The last points near the right
margin of the graph suggest that also YP-50F + TiO, may display a
similar behavior. The curves appear translated along the horizontal
axis and thus the PZR ¢° is different for the two materials. It must
be emphasized that the base voltage range that is shown in the fig-
ure is limited by the stability of the electrodes in water.

Fig. 5 shows the behavior of the unmodified NS30 material, and
of the same material modified by adsorption of charged molecules,
i.e. p-TSA and PEI-EN. As in the case of Fig. 4, the potential rise
depends on the base potential. The linear dependence can be
observed for the NS30 + p-TSA sample in the range from 300 to
700 mV, and can be also argued for the NS30 + PEI-EN in the range
from —200 to —50 mV, with slopes that are roughly similar to that
of the NS30 material.

The plateau shown by the NS30 + PEI-EN at base potentials
above —50 mV is similar to the saturation at high potential that
was already noticed in Fig. 4. Analogously, the NS30 + p-TSA mate-
rial presents a clear saturation at base potentials lower than
300 mV; this saturation seems to take place at approximately
—40 mV.

It can be noticed that the PZR of the sample with p-TSA is trans-
lated to the right with respect to the NS30 without adsorbed mol-
ecules, while it can be argued that it is translated to the left for the
sample with PEI-EN.

Fig. 6 shows the behavior of the YP-50F material, either with
TiO, or with adsorption of chitosan. As in the case of Fig. 4, the
potential rise depends on the base potential. Also in the case of
the adsorbed chitosan, a roughly linear dependence can be
observed in the range from —100 to 200 mV; the slope is roughly
the same as that of NS30 or YP-50F without adsorbed molecules.
Moreover, the slope clearly decreases for base potentials above
50 mV, suggesting that a saturation of the potential rise is likely
to take place also for this material. A translation of the PZR toward
the left can be argued from the slope.

Summarizing, we observe that all the materials show a range in
which the potential rise is roughly linear in the base potential, with
approximately the same slope. The adsorption of PEI-EN and chito-
san (polymers with positive charges) decreases the PZR ¢°, while
adsorption of p-TSA (a molecule with negative charge) increases
the PZR. Moreover, the region in which the linear dependence is
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Fig. 3. Dependence of the open-circuit potential ¢ of three different electrodes on
the salinity of the solution in which they are immersed. The materials are, from top
to bottom: YP-50F + chitosan, NS30, and YP-50F + TiO,, see Section 2.4 for the
description. The salinities of solutions are 500 mM and 20 mM of NaCl. The blue
shaded areas represent the low-salinity steps of the cycle. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of
this article.)

observed corresponds to a belt of A¢ values approximately ranging
from —40 to +50 mV; outside this region two saturations are
observed, at approximately —40 and +45/50 mV respectively. It
can be noticed that whenever these saturations were not experi-
mentally observed, they are indeed expected to take place outside
the window of observability of the base potential, which is limited
by the redox reactions involving water.

In order to verify in a more direct way the fact that the slopes of
the potential rise curves in the transition zone are similar for all
the samples, we plot all the available data points together on the
same graph, upon a translation such that the apparent PZR of each
sample is shifted to the origin. Fig. 7 shows the result of this
procedure.

The graph shows that all the slopes are indeed similar; more-
over, the saturations (when observable) take place at nearly the
same values. The observation of this graph thus leads to the conjec-
ture that all the potential rise vs. base potential curves are roughly
equal, up to a translation along the base potential axis. The hori-
zontal displacement of the individual curves is apparently related
to the presence of adsorbed charged molecules on the electrode’s
surface. In this way, for materials with different amounts of
adsorbed charge, different portions of the same curve fall in the
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Fig. 4. Experimentally measured potential rise A¢ of the two samples of activated
carbon without adsorbed molecules (see Section 2 for the description) in sodium
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symbols represent the measurements at the spontaneous potential ¢s.
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Fig. 5. Experimentally measured potential rise A¢p of NS30 activated carbon
electrodes modified by adsorption of charged molecules, p-TSA and PEI-EN (see
Section 2 for the description) in the same conditions of Fig. 4. The solid symbols
refer to the materials at their spontaneous potentials.

observable window. Hence we may think that the graph in Fig. 7
represents the reconstruction of a full potential rise vs. base poten-
tial curve, over a wide range of base potentials that for any individ-
ual sample is not accessible due to the instability of water.

Fig. 7 also reports the theoretical prediction of the Gouy-Chap-
man-Stern (GCS) theory [38], with a Stern layer capacitance of
80 mF/m?. It can be observed that the data follow the GCS theory
only around 0. For large absolute values of the base potentials,
the potential rise reaches saturation levels which seem to show a
slight asymmetry: the positive value is apparently close to
50 mV, while the negative one seems to be around —40 mV. The
GCS theory on the other hand predicts saturation levels at
+83 mV, corresponding to the difference of chemical potentials
of the ions in the two different concentrations, 20 mM and
500 mM respectively. This potential rise is indeed obtained in the
CDP setup [23], since it also corresponds to the variation of the
Donnan potential between the two concentrations. The saturations
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that we observe with our electrodes are much lower, about one
half of these values. On the other hand, this means that we observe
a plateau where the GCS theory still predicts a quite marked slope.

By performing CAPMIX cycles with electrodes made of function-
alized carbon, we obtain results which are in agreement with the
values of potential rise reported above. In Fig. 8 we show the pro-
duced power as a function of the current density, for CAPMIX
cycles such that the duration of phases A and C (see Section 1)
was 240 s, while that of phases B and D was 120 s. One of the data-
set refers to a cell with two electrodes made of NS30 activated car-
bon, one functionalized with p-TSA and the other with PEI-EN. For
the other dataset, the electrodes were made of YP-50F activated
carbon, and one of them was functionalized with chitosan.

It can be noticed that for low current densities, i.e. when the
dissipative losses are negligible, the produced power asymptoti-
cally approaches the straight line P = IAVy#n, where 1 =1/3 is
the ratio between the length of phase C (the active phase) and
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Fig. 8. Power production from the CAPMIX cicle as a function of the current density,
for NS30 films functionalized with p-TSA and PEI-EN, and YP-50F films with TiO,
and adsorbed chitosan. The straight lines correspond to P = IAV /3.

the total duration of the cycle, and AV, is the cell voltage rise,
which according to the data shown in Figs. 5 and 6 is approxi-
mately 83 mV for NS30 and 53 mV for YP-50F. At higher currents,
the effect of the internal resistance appears as a quadratic term
which decreases the produced power.

4. Discussion

Various models of the electric double layer have been analyzed
in the context of CAPMIX technique [31]. In this section we will
apply them for explaining some of the features found in the
described experiments.

The electrode of activated carbon material is modeled as a
locally flat conductor, with a surface charge o, dipped into a solu-
tion containing ions. We assume that the surface charge ¢ can be
changed by connecting the conductor to a power supply; more-
over, we assume that ¢ does not change when the conductor is iso-
lated, i.e. we assume that the material can be treated as
“polarizable”, at least on the time scales of the seconds.

Two different charged layers can be identified in the solution
close to the electrode surface. Following Ref. [38] we assume that,
at a distance B from the conductor surface, in the so-called “Stern
layer”, there is a flat charge distribution ¢, that physically corre-
sponds to a layer of permanently adsorbed charged molecules. At
distances greater than j, the ions in the solution only interact elec-
trostatically with the surface. Assuming that their distribution in
space obeys Boltzmann'’s law, and using Poisson’s equation to cal-
culate the electric field in the solution, the Gouy-Chapman-Stern
theory provides an analytical expression for the charge distribution
which is formed in the solution, as a function of the distance from
the solid. This distribution represents the so-called “diffuse layer”,
and contains a total charge ¢¢ [39] per unit area.

4.1. Dependence of the potential of zero-rise on the charge density of
the adsorbed molecules

The effect of the presence of a charged Stern layer on the poten-
tial rise vs. base potential graph, according to the Gouy-Chapman-
Stern theory, is shown in Fig. 9. It can be clearly seen that the effect
is a translation along the base potential axis [31].

It must be noticed that the base potential is experimentally
measured with respect to a reference electrode, while the electrode
potential in electric double layer theories is usually calculated with
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respect to the potential in the solution, at infinite distance from the
electrode. The latter, absolute, potential is not actually accessible
by measurements. For this reason, the “base potential” axis must
be always considered as relative and arbitrary. Its zero simply rep-
resents the potential at which the electrode has the same potential
as a given reference electrode, and does not represent the situation
in which the voltage across the electric double layer vanishes. In
Fig. 9 we have chosen to set the 0 of the horizontal axis so that
the PZR (potential of zero rise, i.e. the base potential at which the
potential rise vanishes) of the uncharged sample is at 130 mV, as
experimentally observed for NS30 with respect to a Ag/AgCl refer-
ence electrode.

It can be noticed that the PZR ¢° corresponds to the absence of
the diffuse layer, i.e. ¢¢ = 0. In this condition, the charge on the
conductor is just opposite to the charge of the adsorbed molecules,
i.e. 0 = —¢'. The effect of the adsorbed charged molecules on the
PZR can be easily calculated. One finds that the difference A¢®
between the PZR of two carbon electrodes of the same material,
such that their charge densities in the Stern layer differ by Ad’, is

o_ B i_iAO'i
A" = 60€rA0'— Cst @

where Cs; is the capacitance of the Stern layer per unit surface. From
the measurement of A@? it is possible to evaluate the variation Ag’
of the charge density of the adsorbed molecules with respect to the
unmodified material. Results are reported in Table 1.

4.2. Saturation of the potential rise at high base potential

Fig. 7 shows that the potential rise saturates at about 50 mV at
high base potential, and at —40 mV at low potential. This saturation
represents a discrepancy with respect to the Gouy-Chapman-Stern
theory. This discrepancy cannot be explained in terms of non-ideal-
ity of the solution nor finite ion size, since the same effect would be
also observed in the Donnan potential that develops across perm-
selective membranes dipped into the NaCl solutions. In that case,
instead, saturation at the full 80 mV Donnan potential is observed
[14].

Another interesting comparison is with capacitive deionization
(CDI) experiments. In particular, an accurate modeling of the
experimental results, which was developed for CDI [40], predicts
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Fig. 9. Calculation of the effect of a Stern layer with a fixed surface charge o'.
Specific Stern layer capacitance: Cs, =80 mF/m?2 The potential is assumed to be
measured with respect to a reference electrode, and its zero is arbitrarily set so that,
when ¢’ = 0, the potential of zero rise is 130 mV.

Table 1

Variation of the charge density produced by the adsorption of the charged molecules.
Substrate Adsorbed molecule Ac' (mC/m?)
NS30 PEI-EN +48
NS30 p-TSA —46
YP-50F Chitosan +40

also in this case two plateaus at +80 mV for the potential rise. It
is worth noting that there is a thermodynamical relation [18]
between the desalination charge efficiency of the above-men-
tioned models [40] and the potential rise of CAPMIX, that holds
in equilibrium conditions. The apparent discrepancy that we
observe between the capacitive deionization experiments and
our CAPMIX potential rises should lead to the conclusion that the
latter are not obtained in equilibrium conditions; indeed, they
are measured on time scales that are shorter than that of the CDI
experiments.

For the above reasons, we argue that the potential rise that we
observe reaches a stationary value before the complete equilibra-
tion of the concentrations inside the activated carbon particles.
We think that the pores are not equally bathed in the exchanging
solutions all through the electrode volume. So, when the solution
in contact with the beginning of the electrode changes to 20 mM,
we cannot be sure that, even after a relatively long time, all pores
are filled with the same solution. This means that the charge den-
sity is not the same all through the electrode, since the electric
charge tends to accumulate in the regions where the capacity of
the double layer is larger, and so in the parts of the electrode which
are still in contact with a more concentrated solution. Thus only a
model which takes these effects into account could provide a full
explanation for the data represented in Fig. 7.

5. Conclusions

In the present paper we have investigated various types of acti-
vated carbons, which can be used for the realization of electrodes
for the CAPMIX system [13]. In particular, we have focused on
one of the most important properties which determine their per-
formances for this application, namely the voltage rise. This was
defined as the variation A of the electrode potential taking place
when salt water is replaced by fresh water inside the CAPMIX cell.
For each type of activated carbon we have studied the dependence
of the potential rise on the base potential ¢", defined in turn as the
electrode potential in salt water with respect to a suitable refer-
ence electrode. The base potential can be arbitrarily varied to some
extent by preliminarily charging the electrode with an external
generator. In this way, for each sample a potential rise vs. base
potential curve was measured.

Suitable procedures in the preparation of the electrodes can
introduce charged molecules which remain permanently attached
to the surface of the activated carbon. We have investigated how
the presence of such charged molecules affects the potential rise
vs. base potential curve. The main results are the following:

1. The adsorption of positive (negative) molecules displaces hori-
zontally the curve toward lower (higher) base potentials.

2. Independently of the material and of the adsorption of mole-
cules, the potential rise saturates to a value of about +50 mV
(—40 mV) for very high (low) base potentials.

By analyzing the collected data, we have noticed that, if the
potential rise is reported for each sample as a function of the differ-
ence ¢ — ¢° between the base potential and the zero-potential-
rise point, then the data for all the studied samples fall on a sort
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of “universal” curve. By means of the adsorption of charged mole-
cules, we have been able to observe the behavior of this curve on a
very wide range of values of ¢ — ¢°; this allowed us to clearly
observe the saturation of the potential rise.

We have remarked that the Result 1, about the translation of
the curve in presence of adsorbed charged molecules, can be
explained using the Gouy-Chapman-Stern theory [31]. On the
other hand, on the grounds of the same theory, one would expect
values of about +80 mV for the saturation levels of the potential
rise. We have argued that the discrepancy between these figures
and the observed values, as mentioned at point 2 due above, can
reasonably be attributed to kinetic effects. This hypothesis has
however to be checked by further experimental and theoretical
investigations.

From a practical point of view, the main outcome of this
research is that the modification of the activated carbon, by means
of the adsorption of charged molecules, allows us to obtain couples
of electrodes giving a total cell voltage rise of about 90 mV, which
is a quite satisfactory value for CAPMIX applications. Furthermore,
this can be accomplished without the need of a preliminary exter-
nal charging of the electrodes, which has typically the disadvan-
tage of being accompanied by a slow but steady spontaneous
self-discharge. For these reasons, the chemical modification of acti-
vated carbon electrodes appears to be one of the most promising
techniques for the realization of efficient CAPMIX cells.
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