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ABSTRACT In this work we consider the extent to which the presence of multi-valent ions in
solution modifies the equilibrium and dynamics of the energy production in a capacitive cell
built with ion-exchange membranes in contact with high surface area electrodes. The cell
potential in open circuit (OCV) is controlled by the difference between both membrane
potentials, simulated as constant volume charge regions. A theoretical model is elaborated for
steady state OCV, first in the case of monovalent solutions, as a reference. This is compared to
the results in multi-ionic systems, containing divalent cations in concentrations similar to those
in real sea water. It is found that the OCV is reduced by about 25 % (as compared to the results
in pure NaCl solutions) due to the presence of the divalent ions, even in low concentrations.
Interestingly, this can be related to the “uphill” transport of such ions against their concentration
gradients. On the contrary, their effect on the dynamics of the cell potential is negligible in the
case of highly charged membranes. The comparison between model predictions and
experimental results shows a very satisfactory agreement, and gives clues for the practical

application of these recently introduced energy production methods.

KEYWORDS: Activated carbon particles; Blue energy; Capacitive energy extraction based on

Donnan Potential; lonic exchange membranes; Multivalent solutions.



Introduction

A number of recent papers have shown that energy can be harvested from the unavoidable
entropy increase associated to the mixing of solutions with different ionic concentrations. In
fact, the methods that can be implemented with that purpose have been jointly denominated as
Capmix techniques (www.capmix.eu), and they are intended to produce electrical energy without
the intervention of electromechanical devices. Apart from minor variations, the methods can be
classified into two groups: one, known as CDLE (or capacitive energy extraction based on
Double Layer Expansion) is based on the fundamental fact that electrical double layers increase
their thickness when the ionic concentration of the solution in contact with the interface is
decreased. This brings about a reduction in capacitance and hence a raise in electric potential at
constant charge. The idea was set forward by Brogioli?, and much work has been devoted both to

its theoretical fundamentation®**°

and experimental implementation® .

An alternative technology, using features of both CDLE and reverse electrodialysis (RED)® *
19 has been proposed with the advantage of not requiring redox solutions as in RED or external
charging elements as in CDLE. The technique, known as CDP (or capacitive energy extraction

based on Donnan Potential), was first elaborated by Sales et al.*

. As shown in Fig 1, water
solutions are pumped through a channel limited by anion and cation exchange membranes,
respectively in close contact with activated carbon films deposited on a (typically graphite)
current collector. Let us assume that initially the whole cell is bathed in the fresh water solution,
with short-circuited terminals (Fig. 1a). If any cell potential is generated because of small
concentration differences between both sides of any of the membranes, this would be

compensated for by electrode charge. If now sea water is allowed in the spacer (Fig. 1b) under

open circuit conditions, a membrane potential will be generated (negative at the anionic side and



positive at the cationic one), and a potential difference will be measured. If a load is connected to
the cell, current will flow externally until the electric potentials at both electrodes are equal (Fig.
1c), and hence electric energy is extracted during this stage. The potential difference between the
electrodes will be zero, but charge has been transferred from one to the other, both being charged
in consequence. The circuit is open and fresh water is pumped again, with the result that the
membrane potential goes to zero again and the electrodes gain potential due to the transferred
charge obtained in the previous step (Fig. 1d). If the external load is connected, current flows in
the opposite direction and work is extracted again. In a modification of the technique, the
“natural” charging and discharging processes just described are externally forced by means of a
current source, and more energy can be obtained'?. Additionally wire-shaped electrodes have
been proposed as a convenient alternative to the standard flat membrane approach®®. The actual

cell used for the experiments described in this paper is shown in Fig. 1e).



Figure 1.Schematics of the CDP methodology. Electrostatic potential profile when a): fresh
water flows through the spacer between anion and cation exchange membranes, with short-
circuted electrodes; b): salt water flows under open circuit condiciotns; c): the electrodes are
connected by means of a load resistance, and the electrode potential decreases as charging
proceeds; d): fresh water is pumped in open circuit, leaving the cell ready for stage a) again. e)
Picture of the cell: the arrows indicate the path of the pumped solutions. The membranes and the

spacer are sandwiched between two plastic pieces.

Previous models on the phenomena have considered that the exchanging solutions are simply

NaCl of specified concentrations (500 — 600 mM and 20 mM)™ *?, and are based on simple



assumptions for membrane processes responsible for the phenomenon. However, both the results
obtained with the simpler CDLE technique™* and many studies involving the physical chemistry

of membranes®® ¢

show that the presence of complex solutions containing ions of different
valencies and diffusion coefficients can introduce very important differences with respect to
results found with simple solutions. This suggests that an exhaustive characterization of the
method with real sea and river waters is mandatory prior to the upscaling for practical
applications. Experiments in this field have focused on the scaling and biofouling of membranes,
which is a difficult task, but a classical problem in membrane applications. Nevertheless, even a
clean sample of sea or river water, with no particulates, and free from fouling problems, is made
of ionic species other than Na’ and CI', with different charges, sizes, and diffusion rates.
However, as far we know, the extent to which such complicating factors affect the energy
production of a CDP device is still unknown. In particular, the process of ionic diffusion inside
membranes includes uphill transport of ions in multi-ionic solutions, as recently shown with the
reverse electrodialysis technique'’. Hence, a suitable approach to the understanding of CDP
kinetics must include an analysis of the dynamics inside the membranes.

In the present work, we focus on the theoretical model of the dynamics inside a membrane in

which both sea and river waters are composed by multi-ionic solutions. We also apply this model

to the energy production with the CDP technique and compare it with experimental results.

General aspects of the equilibrium membrane model
Simple ionic solutions

In the cycle described in Fig. 1 there are four stages, two of them in open circuit, and two in
closed circuit. In the former case, the dynamics of the Donnan potential establishment in the

membranes is controlled by the membranes themselves, while in the second case, a current will



flow through the membrane and in the external circuit. Both stages require two different
approaches, and hence, we will study them separately.

1819 \which we can

We start by considering the simplest model of an ion exchange membrane
think of. It will be a region where a given amount of volume charge (coming from the
dissociation of fixed molecular groups) is distributed. When a positively charged membrane is
placed in contact with an electrolyte solution, mainly anions will be able to get inside the
membrane, while cations can preferably penetrate a negatively charged one (Fig. 2). They are
respectively denominated anionic and cationic membranes. In both cases, they will be
characterized by their thickness, water content, swelling behavior, and permselectivity. Our
target is the calculation of the membrane potential (potential difference between opposite faces)
for given differences between the electrolyte concentrations on both sides. The membrane is
planar, hence, we consider homogeneous the properties at every plane parallel to the membrane
surface. This simplifies the problem to a one-dimensional one, that is, only variations of the
quantities of interest in the perpendicular direction (x hereafter) are considered.

We assume that the membrane contains a homogeneous volume charge density, pmemp. We
denote by n; the concentration of ions of type i at any position, and by z; their corresponding
valencies. Outside the membrane, in the solution volume, the relative permittivity is ¢, and inside
it, its value is &n. The Poisson equation, governing the electric potential ¥ will read, in each

region:
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Figure 2.Simplified scheme of a cationic membrane. Fixed charges of the polymer chain
(negative in this case) are depicted in light blue, while free ions are represented in dark blue and

red. Xo is the position of the left wall of the membrane and dc its thickness.
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These equations are completed by assuming steady state conditions, and, according to the
Nernst-Planck conservation equation for each ionic species, specifying that the flux is uniform
inside the membrane:

J.=constant =C, i=1,..,N inside the core (2)
where the ionic flux consists of diffusive and electromigration contributions:

J, = —Di%— Diizinid—\y
dx KT dx (3)

Here, D;j is the diffusion coefficient, k the Boltzmann constant and T the absolute temperature.



Note that our treatment does not need to assume a value for the potential jump outside the

membrane. Instead, a potential distribution on both sides of the membrane is predicted as a

natural consequence of the consideration that the ion flux is constant.

Summarizing, the equations governing the ionic concentrations (and, with eq. (1) the potential)

are:
QDL:—-E—LQEEE i=1..,N outside the membrane
dx KT dx
dn e d¥ @
D—=C,—-—znD,— i=1..,N inside the membrane
dx KT dx

For solving this system, the following boundary conditions are required, regarding the

continuity of the potential, of the electric displacement and of the ionic concentrations at the

electrode-membrane (X = x) and membrane-solution (x = xo + d) interfaces:

MW:WW
lr,/|(Xo+dc)’ :l//|(xo+dc)+
vl dy
dx X0 " dx %o
®)
ed—l’// dy
m
AX |40,y AX |, 1a, )
n|| ’:ni + i=1,...,N
%o %o
i|(x0+dc)— = i|(xo+dc)+ _1, ..... y N

At large distances from the membrane-solution boundaries:

l’1/|><»—oo = Em
vl ., =
X—0 6
n|., . =m, i=L..,N ©
o, = i=1.N



where Eq, is the membrane potential; this is one of the unknowns of the problem, together with
the profiles of electric potential y(x), the electric field dy(x)/dx and ion concentrations, n..

ni; and nj,, are the concentrations of the solution reservoirs in the left and right sides of the
membrane, respectively. Such concentrations are always constant, that is, the volume of both
reservoirs is very large in comparison with that of the membrane. Summarizing, the unknowns

are w(x), dw(x)/dx, n ineach of the three regions, that is, 3(N + 2) for the whole problem.
It is worth to mention that E, and C; also are unknowns, hence the number of boundary
conditions must be 3(N + 2) plus (1+N). From egs. 5,6 we have 4N + 6. Hence we need an
additional condition: this regards the ion fluxes (eq. 2), and the specification that in equilibrium
the current must vanish:

i zeJ, =0
= ()

Depending on the relationship between the membrane thickness and that of the electric double
layer (or Debye length, 1/k), a uniform potential will be reached in the membrane, far from its
limiting walls (Fig. 3a). This is the Donnan potential, controlled by the ionic concentration of the
solution bathing the membrane: note how it decreases if the solution in contact is concentrated.
If, instead, the concentrations in both sides of the membrane are different, it is precisely the
difference between the Donnan potentials on each side that provokes the appearance of a so-

called membrane potential, as indicated in Fig. 3b. Note that in this and subsequent Figures
distances are made dimensionless by using the factor (nrefe2 l &,6,KT )Mwhere Nrer IS the highest

electrolyte concentration in contact with the membrane.
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Figure 3. Electric potential profiles in and around a membrane delimited by the dotted vertical
lines for a) the same concentration baths in both sides of the membrane (dashed lines: 0.1 M;
solid lines: 0.01 M), and b) different ionic concentrations on each side (left side, 0.01 M and
right side 0.1 M). The charge of the membrane is indicated in units of mol/L, and ranges from
0.05 M (4.8x10° C/m® to 1 M (9.6x10° C/m°). The ionic diffusion coefficient for both
monovalent ionic species is 2x10° m?™. ¢) Same as case b) but the membrane is uncharged, and
the ratio between diffusion coefficients is as indicated. d) Same as Fig b) but for the case D*/D =

2.
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In addition to the generation of the Donnan potential, another phenomenon of interest for our
purposes takes place in the membrane interior, namely, the establishment of a diffusion potential,
related to the concentration differences of ionic species diffusing at different velocities (for
instance, in mixed solutions). This can be observed in Fig. 3c, where a zero membrane charge is
assumed with the aim of making clear the effect of the diffusion potential on the membrane
potential. Note that the fastest ion is determinant of the potential.

The profile of potential is plotted in Fig. 3d for different membrane charges and combinations
of diffusion coefficients. As observed, when the membrane charge is small (-0.05 M) the
membrane potential is controlled by the gradient of diffusion potential. In contrast, if the charge
is high (-1 M in Fig. 3d), it is the difference in Donnan potentials that determines the membrane
potential. This is not only important from the point of view of the physics of the membrane,
since, as we will notice below, the energy available from the CDP process (the membrane/carbon
electrode combination) is also dependent on these two contributions. In practice, highly charged
membranes will be preferred for CDP operation, although this characteristic is not always
guaranteed, as (bio)fouling of the membrane might reduce the effective charge of an originally
highly charged membrane. Hence the importance of modeling in this respect, mainly if, as it will

be the case, we may have as many as 7 different ionic species in solution.

The case of multi-ionic solutions
We are now in position of comparing the membrane potentials attained in solutions composed

of just two ionic species (monovalent, as typically used in the Capmix tests) to those in mixed
solutions with arbitrary concentrations of whatever ions. In this new step, the solution simulating
the high concentration bath (the sea) is composed of the salts detailed in Table 1?* 2!, whereas

the river water is assumed to contain the same salts with concentrations reduced by a 1/30 factor.

12



Note that, in spite of the relatively high ionic strengths of these solutions, concentrations (and not
activities) can be safely used for all calculations, as the membrane potential will be roughly
controlled by the logarithm of the activity ratio, and the effect of the activity coefficient ratio will
cancel out in comparison with that of the concentration ratio (In[1/30]).%*

Fig. 4 shows the potential profiles and hence the membrane potentials reached (with respect to
a reference on the right of the membrane, far from the interface) in two cases: in presence of
511.7 mM and 511.7/30 mM NaCl on each side of the membrane, and in presence of the same

concentrations, obtained as the mixtures referred to above.

Table 1. lonic composition of standard (artificial) sea water.

Salt Concentration | Concentration
(9/L) (mol/L)
NaCl 23.375 0.400
MgSO, 2.405 0.020
CaCl 111 0.010
MgCl 1.904 0.020
KCI 0.745 0.010
KBr 0.203 0.0017

13
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Figure 4. Comparison of the electric potential profiles for a complex solution with the
concentrations indicated in Table 1, and the corresponding standard NaCl solution in such a way
that the concentration of positive and negative species are in both cases 511.7 mM at the right
side of the membrane and a fraction 1/30 at the left. The charge of the membrane is -1.5 M (solid

lines) and +1.5 M (dashed lines).

As observed, the membrane potentials decrease from 83.3 mV in the case of the standard NaCl
solution to 54.7 mV in the multi-ionic system. In addition, the different diffusion coefficients of
cations and anions makes it very difficult to obtain a symmetric behavior in the cationic and
anionic membranes (compare the solid and dashed lines in the Figure). The differences are more
accentuated in the case of the multi-ionic solutions, where positive and negative ions contribute

to increase the lack of symmetry mentioned, if we assume that both the anionic and cationic
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membranes contain comparable amounts of charged groups except for the obvious difference in
their sign.

It is interesting at this point to analyze the basis for the reduced membrane potential attained in
the case of complex solutions. In reality, this is just for the sake of information, as it is clearly
impractical to treat the sea water for eliminating the “undesired” ions (if any) before entering the
Capmix cell. Nevertheless, these criteria can help in finding the correct location, in terms of the
ionic contents of the sea water.

Our approach consists of isolating the roles of the different kinds of counterions (cations in the
case considered; the calculations can be easily reformulated for the oppositely charged
membrane of the cell). With that aim, we have calculated the membrane potential assuming that
the coions in Table 1 are at the concentrations indicated in the Table, but only one counterion is
used each time (that is, 511.7 mM Na®, or 255.85 mM Ca®", for instance; a similar study was
carried out with coions, but, as expected, their role is not significant in this respect). Table 2

summarizes the results.

Table 2.Theoretical membrane potential

Counterion/ Diffusion Membrane
. coefficient [m%s] |potential [mV]
Concentration
[mM]

Na‘/511.7 1.35x10” 83.6

Mg~/ 255.85 0.706x10” 38
K/ 511.7 1.96x10” 84.7

Ca”*/ 255.85 0.792x10-9 38.6

Data for a membrane charged with 1.5 M negative groups, when only the counterions indicated
are in solution together the same coions indicated in Table 1, keeping constant their

15



concentrations: [CI] = 470 mM, [SO% ] = 20 mM and [Br] = 1.7 mM. The potential in the
multi-ionic solution is 54.7 mV.

It is clearly observed that, for a highly charged membrane as in our case, there is no significant
effect of differences in diffusion coefficient, whereas the valency becomes dominant. The
obvious reason is that half the counterions suffice for producing electroneutrality, and this

explains the smaller membrane potential.

Table 3.Theoretical membrane potential

Counterion Counterion Membrane
concentration[mM] potential [mV]
Na” 400 84.9
Mg~ 40 43.2
K* 11.7 87.3
Ca*’ 10 436

Theoretical membrane potential for the same kind of membrane as in Table 2, assuming again
solutions containing a single type of counterion, as indicated, but for the concentrations in Table
1. Coions as in Table 2, with concentrations adjusted proportionally as required by
electroneutrality. The potential in the multi-ionic solution is 54.7 mV.

It only remains to evaluate the role of the different components on the overall decrease in
membrane potential, as compared to that in single salt solutions. The results in Table 3 show our
predictions for the membrane potential in solutions containing a single kind of counterions, with
the concentration indicated in Table 1, keeping the 1/30 ratio between sea and fresh water, and
maintaining the coions in the relative concentrations of the Table, recalculated for ensuring

electroneutrality. Note how it is the divalent counterions that produce the fall in membrane

16



potential, even if their concentration is relatively low. These conclusions are well confirmed in a
series of experiments whose results will be discussed later.

A careful view of the ion concentration profiles inside the membrane when mixed solutions are
in contact with it, can help in clarifying the effect of the highly charged ions (Fig. 5). Note that
both Ca?* and Mg?* appear to be transported “uphill”, that is against their concentration
gradients. This phenomenon has been described in many studies of transport of mixed solutions
through membranes™*®: depending on the concentration and mobility of the counterions
involved, it is possible that, under conditions of zero electric current in the membrane, the flux of
one type of counterions (the slowest cations in our case) will take place in the opposite direction

to that of the dominant cations, under the action of the electric field set up by these when

diffusing in the direction of their concentration gradient.
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Figure 5. Concentration profiles for the different ions (Table 1) in the conditions given in
Fig. 4.a) Ca®, K and Br'b) Na*, Mg?, CI', and SO4*. The ordinate scales are different, so

that the profiles for the less abundant ions are appreciable (panel a)
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Dynamics of the membrane process in open circuit

Characteristic times
The dynamics of the CDP process will be controlled by the time required for the establishment

of the membrane potential. First the Donnan potential is reached within the time required for the
formation of an EDL, typically in the range of ps (see, e.g. ref.?). The contribution of the
diffusion potential, although small in the case of highly charged membranes, is slower and can
be at the end responsible for the overall dynamics®* 2> %. If this is the case, the time evolution of
the membrane potential will be clearly different for KCI and NaCl, since diffusion potential will
be absent in the first case, as the diffusion coefficients of K™ and CI™ are practically identical,
contrary to those of Na" and CI. We performed experiments on the time evolution of the
membrane potential using solutions of NaCl and KCI, and the results are shown in Fig. 6. Note
the close similarity of the potential-time relations in both cases, with a rapid increment during
the first few seconds, and a slower trend for longer times. In any case, the characteristic time is
several orders of magnitude larger than that required for the Donnan potential establishment.
These results suggest that the behavior of the membrane with time must be related to the kinetics
of the solution in the spacer, controlled by the formation of a convective diffusion layer, as

described below.

18
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Figure 6: Time evolution of the membrane potential during the exchange from river to sea water
in open circuit, in NaCl (open symbols) and KCI (closed symbols) solutions. The maximum
potentials reached are, respectively, -144.5 mV and -148.5 mV. The solid line corresponds to the
model predictions for NaCl.

Convective diffusion layer

In the first step of the cycle the solutions are exchanged by pumping the new solution at a
certain velocity. Hence, the membrane will not respond generating the membrane potential
instantaneously due to the phenomena associated to the hydrodynamics inside the spacer.
Considering diffusive and convective contribution, the ion concentrations follow the Nernst-
Planck equation®’:
J;=-DVn,+nv i=1..,N (8)
Where v is the fluid velocity. Considering first steady state conditions (V-J, =0) and using

dimensionless variables, we obtain:

- 1 /=,
V-VNi:P—e(V N;) )
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R . . v,h .
where V =1, N, =l, V =hV and Pe is the Peclet number, given by Pe :OF’ Vo being a
VO nref

characteristic fluid velocity far from the surface, h a characteristic length along which the major
concentration changes take place, and D a typical value for D;. Note that when Pe>>1, the

concentration distribution is largely determined by convective transfer. This is the expected
situation in liquids: Pe =RexPr = Re%, where Pr is the Prandtl number and v is the kinematic

viscosity. Even in situations of low Reynolds number (Re), Pe is expected to reach high values,
ensuring a predominant role of convection over diffusion in the transport of matter in a fluid.
However, even for fluid flows with small viscosity, a thin viscous layer has to be taken into
account in the vicinity of interfaces. Such a layer, where diffusion cannot be neglected, is known
as diffusion boundary layer®’.

Hence, it is necessary to look into the flow inside the spacer. When the exchange of solutions
takes place, the fluid is pumped into the cell at 50 ml/min which according to dimensions of the
cell gives a velocity equal to 0.21 m/s. The fluid flows through the cell between two squared
electrodes with side 2 cm and separation 200 um (Fig. 1e). A noncircular duct is said to have a
hydraulic radius, defined as the ratio between the area of the duct and the wetted perimeter. For
our case, the hydraulic radius, 99 um, allows to predict a Reynolds number of approximately 20,
indicating that the fluid behaves as viscous inside the spacer. The problem of the flow between
parallel plates has exact analytic solution, yielding a parabolic profile. Then it is possible to
consider the diffusion length to be of the same order as half the separation between plates,

because the channel is so narrow that there is no space for developing a constant velocity profile.
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For estimating the rate of potential increase, we consider that, close to the membrane, diffusion
takes place and numerically calculate the ionic concentration at the solution/membrane interface

using eq. 9 without convection and with planar geometry:

dn, d’n
—i_p 10
dt ' dx? (10)

From the knowledge of n; for each time on the membrane solution interface, the membrane
potential can be calculated as described in the previous section. The potential predicted as a

function of time is represented in Fig 6.

Dynamics of the closed circuit
As described above, when a salt solution is forced through the membrane gap, a potential

difference is established between the electrodes. If these are connected by means of a load
resistor (for the spontaneous cycle) or a current power source, as schematically shown in Fig. 7,
then (electronic) charge will be transferred from one electrode to the other. This provokes a
modification of the potential profile, as the slope of the latter close to the carbon wall must be
proportional to the surface charge density at each time t (it is a boundary condition of the
problem).

Initially, the constant potential inside the electrode (considered as a perfect conductor) is the
steady-state membrane potential evaluated as described in previous paragraphs, according to the
cationic or anionic nature of the membrane. Once the two electrodes are connected via the
external load as in Fig. 7, we calculate the amount of charge transferred in each time interval &t
assuming that an external current | is forced to go through the circuit. The charge I5tis
distributed on the 270 um thick carbon layer, leading to a surface charge density increment

do(t), which can be calculated knowing the specific surface area of carbon (1600 m?/g) and the

density (385 kg/m®) of the carbon layer. Because the concentration of ions in the carbon pores
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can be very high, and in order to avoid overcrowding, finite volume of the ions must be
considered. Among the different procedures to do so we have followed those described in
refs.?>#_ An uncharged Stern adjacent to the carbon surface and with thickness & comparable to
the radius of a hydrated counterion is assumed, so that the Poisson-Boltzmann equation in the

interfacial region reads:

0 inside the Stern layer
PY(x,t) N
x> ——szenj(x,t) outside the Stern layer
&€&y j=1
(11)
n’exp(—z.e[F(x,t)—E_1/k.T
nj(X,t): ] p( ] [ ( ) m] B )

N
LD EXP-Z [P (% 1) ~E, 1/K,T)
i=1 '

where the finite volume of ions has been taken into account by using n"*, the maximum

concentration of the corresponding ionic species. Eq. (11) can be solved for each time t, subject

to the conditions

¥

a¥ 0

dX porecenter

d¥v o

dx |, &5, (12)
III|><:5’ = lIl|x:5*

av| v

X |,_s-  OX |,_s

where the accumulated charge density is calculated as o(t+dt) =o(t)+do(t).

The process continues until the potential difference between the electrodes goes to zero for a
spontaneous cycle or when the current source is stopped. As mentioned, it has been demonstrated
that if a current source is used to force the potential beyond the zero value by transferring an

additional charge, the power density is much higher than in the spontaneous cycle'?. Note that
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we assume that there is no transport of ions inside the electrode (ions need not move all the way
through the electrode thickness, and it rather suffices that they get closer or further from the

interface to build the EDL, depending on the ionic strength).
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Figure 7. Schematics of the CDP procedure and time evolution of the electrode potential,
assuming that a constant current I = 50 mA is made to flow through the external circuit.

The membrane potential is 100 mV.

From the set of equations (11, 12) we can obtain the potential ¥ for x = 0, that is the carbon
surface potential, as a function of charge density o. These data must be compared to the

experimental values in closed circuit, as we discuss in the next section.

Comparison with experiments
As mentioned, the ultimate objective of the technique described is the implementation in a

coastal site where sea and fresh waters are in close proximity and can be exchanged in the cell.
The theoretical predictions concerning the performance of the CDP process indicate that the

actual ionic composition of both waters can have a profound effect on the potential reached,
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particularly when multivalent ions are present. The compositions of the solutions experimentally

tested, along with the cell potential and the obtained power density, are given in Table 4.

Table 4. Experimental values of cell potential and power density

Cell
NaCl | MgSO,4 | MgCl, | KCI |KBr | CaCl, | potential [mV] Power density [mW/m?]
400 20 20 10 | 1.7 10 130 0.340
400 0 0 954 |16.2| O 145 0.407
400 111 0 0 0 0 122 0.303
511.7 0 0 0 0 0 144 0.400
0 0 0 511.7| O 0 148 0422

Experimental values of cell potential and the power density achieved in the CDP process for
the sea water concentrations indicated in mM (corresponding fresh water composition: 1/30th of
the given values). The ionic strength is always the same (511.7 mM) and the first row
corresponds to the artificial sea water.

Fig. 8 shows the kinetics of the cycle and the potential-charge relationships experimentally
obtained for the ionic concentrations specified in Table 4. Note, first of all, that the Kinetics is
roughly the same in KCI and NaCl solutions, confirming that the cell potential is of Donnan
origin with no contribution of diffusion potential. The presence of multivalent ions manifests
itself in the values reached by the cell potential, and, as a consequence, on the energy and power
production, which is reduced by almost 25 % in comparison with that reached in pure NaCl

solutions.
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Figure 8. Experimental data of potential-time and potential-charge in CDP cycles, for different
combinations of ions as described in Table 4. Black solid lines: NaCl. Blue dashed linea: NaCl +

monovalent ions; red dotted lines: real sea water; green dash-dotted lines: NaCl + divalent ions.
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Figure 9. Experimental data (left) and theoretical predictions (right) of CDP cycles for different

amounts of externally injected charge, in 511.7mM concentrated vs. 1/30 diluted solutions in

(top) pure NaCl and (bottom) artificial sea water (first row in Table 4).

The modeling of the process was carried out by setting the parameters in such a way that the

NaCl results were well reproduced, and modifying them to account for the multi-ionic

composition. The agreement between experimental data and predictions is quite satisfactory, as

shown in Fig. 9, pointing to a coherent description of the CDP method in all kinds of solutions.
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The procedure used to check the ability of our model to explain the experimental data was as
follows:

i) Assume a simple salt, NaCl, and search, by solving equations (1-7), for a membrane charge
yielding the experimental value of 150 mV for the membrane potential. The charge density
found was 9.65x10" C/m* (1.0 M), assumed identical for the two membranes (except for its
sign).

i) Using that charge density as data, recalculate the membrane potential in the case of the
multi-ionic solutions. With this, we found a Donnan potential of -65 mV for the cationic
membrane and -55 mV for the anionic one, that is, a membrane potential of 110 mV, almost
identical to the experimental findings.

The procedure involved calculating the charge density at the electrode solution interface. From
this, we evaluate the potential profile such that its slope at the interface equals the charge density
at each step. In the spontaneous-potential approach, the electrodes reach zero potential and their
final surface charge, as shown in Fig. 7 for one example case. If the forcing cycle is used, the
circuit remains closed during the time that the external current flows through the cell. The
procedure just described allows finding the charge-potential relationships to be compared to the
experimental data; this is done in the right panel of Fig 9. Note that the internal resistance of the
cell is included in the calculations and explains the spikes observed when the circuit is closed at
the end of each cycle. The values used for the internal resistance in both conditions were

12
l.

published by Liu et al.”, and they amounted to 0.1 Q and 0.7 Q in sea and fresh water,
respectively. The effect of electrode geometry on these values has been discussed by Burheim et

al.*®
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The agreement is reasonable, considering that no parameters are used, and that the problem is
solved on a first-principles basis. Both theory and experiment indicate a measurable reduction of
the amount of energy (area enclosed by the cycles) available in the case of multi-ionic solutions.
A discrepancy is also clear, and that refers to the fact that we are in reality modeling the
capacitance of the double layer, which is not constant, but potential-dependent, so that the
relation cannot be linear (as experimentally found), except at high potentials. A way out of this
limitation is consideration of the existence of a charged Stern layer, but this appears as an
unnecessary complicating aspect of the model, not adding too much to our knowledge of the

CDP process.

Conclusions

In order to understand the role of multivalent ions in solution in the field of energy production
by solution exchange, we have analyzed carefully the whole process in a membrane electrode
assembly, developed for that purpose. Our study involved both open circuit, when the membrane
potential is established, and closed circuit, when a current flow through an external load is
produced. The presence of divalent counterions in solution produces a fall in membrane
potential, even if their concentration is low. The theoretical model outlined here predicts that
some divalent species, Ca?* and Mg, are transported against their concentration gradients. This
is an important conclusion for future applications, and agrees well with our experimental results.
Both theory and experiments show that the presence of multivalent ions reduces the values

reached by the cell potential, and, as a consequence, the maximum energy and power production.
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