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Abstract

:

An enormous dissipation of the order of 2 kJ/L takes place during the natural mixing process of fresh river water entering the salty sea. “Capacitive mixing” is a promising technique to efficiently harvest this energy in an environmentally clean and sustainable fashion. This method has its roots in the ability to store a very large amount of electric charge inside supercapacitor or battery electrodes dipped in a saline solution. Three different schemes have been studied so far, namely, Capacitive Double Layer Expansion (CDLE), Capacitive Donnan Potential (CDP) and Mixing Entropy Battery (MEB), respectively based on the variation upon salinity change of the electric double layer capacity, on the Donnan membrane potential, and on the electrochemical energy of intercalated ions.
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1. Introduction


The first reference to energy production from water salinity difference dates back to 1954, when Pattle reported this resource together with a proof-of-concept [1]: “When a volume V of a pure solvent mixes irreversibly with a much larger volume of a solution the osmotic pressure of which is P, the free energy lost is equal to   P V  . The osmotic pressure of sea-water is about 20 atmospheres, so that when a river mixes with the sea, free energy equal to that obtainable from a waterfall 680 feet. high is lost. There thus exists an untapped source of power which has (so far as I know) been unmentioned in the literature”. The energy thus dissipated comes from the free diffusion experienced by the ions from the salt (sea) water to the fresh (river) water, which increases the ionic entropy and accordingly decreases the Gibbs or Helmholtz energy of the final solution.



The amount of energy dissipated due to the mixing of two solutions with different salt concentrations has been evaluated several times in the context of the colloquially called “Blue Energy”, or more properly referred to as salinity difference energy [2,3,4,5,6], so we only pose here a simplified analysis of this quantity. Consider two volumes   V fresh   and   V salt   of two solutions with molar salt concentrations   c fresh   and   c salt  , respectively, of a monovalent binary electrolyte (such as NaCl). After mixing, the final state is a volume    V tot  =  V fresh  +  V salt    of brackish water of concentration    c brackish  =   c fresh   V fresh  +  c salt   V salt   /  V tot   . The Gibbs free energy of mixing per unit volume of the final (brackish) solution is given by the difference between the final and the initial state:


  − Δ  G mix  ≃ 2 R T   c brackish  ln  c brackish  − ϕ  c fresh  ln  c fresh  −  1 − ϕ   c salt  ln  c salt    



(1)




where R is the gas constant, T is absolute temperature and   ϕ =  V fresh  /  V tot    is the volume fraction of fresh water. Equation 1 sets the thermodynamic upper limit for obtainable work in any controlled mixing process, which is only achieved in the case of a reversible cycle with no global entropy production.



In order to harvest the free energy, the mixing has to be performed in a controlled way, for which many techniques have been developed since the 1950s, but none of them has yet fulfilled the commercial requirements. A suitable technique should provide an amount of energy that is considerably larger than that consumed in the pre-treatment. Along this point, a trade-off can be found between the pre-treatment energy and the duration of the membranes, as pre-treatments consuming more energy are expected to lead to longer membrane life. Considerations like the cost per unit power of the plant (also expressed as payback time) and the cost per unit produced energy including maintenance and replacement of consumable parts (e.g., membranes) are also important. Finally, the efficiency of energy conversion, i.e., the ratio between the produced power and the quantity of water is also an issue, as water itself, particularly the fresh stream, has a cost. Classical approaches are mainly based on the use of membranes, and some recent reviews focus on their advances [4,7,8,9,10,11] and therefore they are not addressed in the present work.



Three novel methods have been proposed, associated with the ability to selectively store and release anions or cations into ion-adsorbing electrodes (supercapacitors) [12,13,14,15] from the bulk solution. Altogether, they are now called the “Capacitive Mixing” (CAPMIX) techniques, as the storage of ions takes advantage of the capacitances or pseudo-capacitances of several types of electrodes [16,17]. CAPMIX techniques include “Capacitive Double Layer Expansion” (CDLE) [18], “Capacitive Donnan Potential” (CDP) [19] and “Mixing Entropy Battery” (MEB) [20]. The ion selectivity is reached in CDLE by charging the electrodes by means of an external power supply; CDP uses permselective membranes, which are selective to the transport of ions through them, as they allow the passage of only one type of ions (cations or anions); MEB has two different electrodes that specifically react with only one species of ion. All of them can be operated performing a four-step cycle during which the solution is alternatively exchanged between the fresh water and the saltwater streams.



As we show below, thermodynamic arguments serve to directly connect CAPMIX with existing deionization techniques that consume energy to remove ions from a saltwater stream, adsorbing them from it into the electrodes to later release them, producing brine as a waste. Generally accepted as the reverse processes of the CAPMIX techniques are the “Capacitive Deionization” (CDI) [21,22], reverse of CDLE; “Membrane Capacitive Deionization” (MCDI) [23,24], reverse of CDP; and the “Desalination Battery” (DB) [25], reverse of MEB.



In this work we first review the thermodynamic basis of the CAPMIX techniques (Section 2), and then we identify the common features in order to give a general picture of this new strategy (Section 3). Finally, we discuss the recent advances of each technique (Section 4) and we make an overview of the required future steps to arrive to a mature and competitive technology (Section 5).




2. The CAPMIX Family


In the broadest scheme, the CAPMIX cycle consists in charging a pair of “generalized electrodes” or “accumulators” to reach a given potential when submerged in one solution, and in discharging them at a lower potential while submerged in the other solution [17,26,27]. We use the terms generalized electrodes or accumulators in order to include any kind of electrode or assembly that is able to temporarily store charge, either capacitively, with membranes, in redox reactions, or through ion intercalation. Therefore, as we discuss below, the charging mechanism depends on the used electrodes. The key point in the CAPMIX cycle is thus the sequential exchange of the bulk solution in which the electrodes are submerged, leading to changes of their capacitance (or pseudo-capacitance in the case of MEB) and, therefore, of the cell potential. Although not mandatory, it is common to perform the solution exchange in open circuit configuration, thus keeping the stored charge constant.



The capacitance C is related to the stored charge Q and the cell voltage φ through:


  φ =  Q C   



(2)







From this relation, it is clear that a decrease in the capacitance at constant charge (open circuit) will return an increase in the cell potential, and therefore an increase of the stored electrochemical energy E, which for the case that C is independent of Q and φ, reads:


  E =  1 2  Q · φ =  1 2    Q 2  C   



(3)







Three different types of electrodes have been tested to extract energy from salinity differences by means of a general CAPMIX cycle [16,17]. Whether the cell is charged in the salt- or in the freshwater depends on the properties of the employed electrodes and on the origin of their selectivity for charge storage.



The first proposed CAPMIX technique was CDLE, which exploits the dependence of the capacitance of “Electric Double Layer” (EDL) supercapacitors [12] on salt concentration. CDP technique appeared soon after CDLE, and it includes permselective membranes to benefit from the Donnan potential that develops across them. Finally, MEB does not store charge capacitively, but pseudo-capacitively as chemical energy inside the electrode bulk crystal structure, and makes use of the dependence of the Nernst potential on salt concentration.



2.1. Capacitive Double Layer Expansion


The pioneering work of Brogioli [18] involved a pair of activated carbon porous electrodes to perform the cycle represented in Figure 1 and is composed by the four following phases:

	
Phase A: The cell, filled with saltwater, is charged from an initial potential   φ D   to a final potential   φ charge   through an external load. In this phase energy is stored into the cell.



	
Phase B: In open circuit, i.e., at constant charge, the solution in the cell is exchanged with freshwater. The voltage increases to    φ B  >  φ charge   , and the amount of energy stored in the cell also increases, due to the decrease of the capacitance.



	
Phase C: The cell is discharged to the potential   φ charge   through an external load. In this phase, energy is extracted from the cell.



	
Phase D: Again in open circuit, the solution in the cell is exchanged with saltwater. The voltage decreases to   φ D   due to the increase of the capacitance.
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Figure 1. Representation of the four-step CAPMIX cycle on the potential   ( φ )   versus charge   ( Q )   graph as published in [18] where the area represents the extracted energy. The power produced was about 7 mW per square meter of electrode. Copyright (2009) by The American Physical Society. 
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The cycle represented in Figure 1 is able to extract an amount of work   W = − ∮ φ d Q   because the capacitance of the cell depends on the bulk salt concentration through the properties of the EDL. This is the ionic distribution established close to a charged surface in contact with an ionic solution, due to the competition between the electrostatic forces attracting counter-ions and repelling co-ions and the diffusive forces trying to equilibrate the concentration of every species. A simplified picture considers both types of ions distributed according to Boltzmann statistics, allowing us to define the characteristic length of this distribution as the Debye length   λ D   [28]. In the case of a monovalent electrolyte, the expression of the   λ D   reads:


   λ D  =  1   8 π  λ B  c     



(4)




c being the bulk ions concentration (either   c fresh   or   c salt  ) expressed in number of ions per unit volume, and    λ B  =  e 2  / 4 π  ε r   ε 0   k B  T   the Bjerrum length, where   ε r   is the relative electric permittivity of the liquid,   ε 0   the electric permittivity of vacuum, e the proton charge and   k B   is the Boltzmann constant. At room temperature,    λ B  ≃ 7.1   Å and the Debye length takes values    λ D  ∈  [ 10 , 0.4 ]   nm   for   c ∈ [ 1 , 600 ]  mM  , the salt concentration of river and seawater, respectively. From this equation, it is clear that the EDL will be thicker the lower the salt concentration, and vice versa. This dependence of   λ D   on bulk salt concentration is the origin of the term “double layer expansion”. The voltage drop in the diffuse part of the EDL,   Δ  φ DL   , can be described by the Gouy–Chapman surface charge-voltage relationship [28]:


  Δ  φ DL   ( σ , c )  = 2    k B  T  e   sinh  − 1    2 π  λ B   λ D   σ e    



(5)




where σ is the total charge per unit surface available for charge adsorption on the electrode. From this equation, we see that the voltage drop in the diffuse part of the double layer increases when c is decreased at constant σ, and that the specific (per unit surface) capacitance of the EDL    C surf  = σ / Δ  φ DL    decreases with c.




2.2. Capacitive Donnan Potential


Sales et al. [19] proposed a similar technique to CDLE that can be operated without external power supply, by adding ion-exchange membranes to the CAPMIX cell, thus taking advantage of the Donnan potentials that develop across such membranes. Ideally, ion-exchange membranes allow the passage of only one type of ion through them (either the cation or the anion), and set up a net current if an anion-exchange membrane (AEM) and a cation-exchange membrane (CEM) are placed in front of the two electrodes, as shown in Figure 2a. The driving force for ionic current in CDP is the Donnan potential that is established between two reservoirs with different salinity separated by an ion-exchange membrane:


  Δ  φ Donnan   (  c fresh  ,  c salt  )  = α    k B  T  e  ln    c fresh   c salt     



(6)




where α is the average selectivity of the membrane, which can be also expressed as the difference in the transport numbers across the membrane   α = (  t +  −  t −  )   [26,29], where   t +   and   t −   (with    t +  +  t −  = 1  ) are the transport numbers of cations and anions, respectively [30]. Therefore, a cell voltage increment is observed when the solution in the spacer channel is changed due to the presence of such Donnan potentials between the two sides of each electrode. This voltage difference induces ionic currents that store charge into the electrodes by the formation of EDLs at the electrode/solution interface [19]. Furthermore, the charge induced in the electrode-side of the EDL forces an electronic current in the external circuit. Alternating fresh- and saltwater in the spacer channel produces a continuous power production, as shown in Figure 2b.
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Figure 2. (a) Schematic representation of a CDP CAPMIX cell, with ion-exchange membranes in front of each electrode, separated by a spacer channel for the alternate flow of fresh- and saltwater; (b) Measured cell voltage and power production in a two-phase CDP CAPMIX cell. Dark blue: saltwater; Light blue: freshwater. Adapted with permission from [19]. Copyright 2010 American Chemical Society. 
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Therefore, the CDP CAPMIX cycle proposed by Sales et al. [19] consists of only two phases, namely when the cell is submerged in fresh- and saltwater, without open circuit steps, allowing a continuous (although not constant) power production. Such a cycle produced peaks of about 60 mW per square meter of electrode and membranes.




2.3. Mixing Entropy Battery


Typical problems associated with the use of activated carbon in supercapacitor electrodes include the sensitivity to impurities and dissolved oxygen, which are partially responsible for the observed leakage phenomena [18,31] or the fouling of nanopores. To overcome these problems La Mantia et al. [20] proposed a novel electrochemical cell where the ionic charge storage takes place inside the electrode material’s bulk crystal structure. The “Mixing Entropy Battery” tested by La Mantia et al. takes advantage of the specific interactions of a Na   2  Mn   5  O   10   electrode with Na   +   ions and an Ag/AgCl reference electrode with Cl   −   ions. In this technique, the equilibrium potential of these two chemical reactions depends on the salt concentration, thus allowing the extraction of energy from the controlled mixing of fresh- and saltwater.



As can be seen in Figure 3, the equilibrium potential is higher in saltwater than in freshwater, and therefore the CAPMIX MEB cycle is different from the CDLE and CDP ones, since in this case the cell is charged in freshwater (by removing Cl   −   and Na   +   ions from the AgCl and Na   2  Mn   5  O   10   electrodes, respectively), while it is discharged in saltwater (by capturing Cl   −   and Na   +   ions into the AgCl and Na   2  Mn   5  O   10   electrodes, respectively) at a higher equilibrium potential, thus producing a net amount of energy. Indeed, La Mantia et al. report a power production of 105 mW/m   2  , of the same order of those obtained for CDLE and CDP [17,32,33].





[image: Entropy 15 01388 g003 1024] 





Figure 3. (a) Schematic representation of the working principle behind a complete cycle of the mixing entropy battery, showing how energy extraction can be accomplished: step 1, charge in river water; step 2, exchange to seawater; step 3, discharge in seawater; step 4, exchange to river water; (b) Evolution during the four-step cycle of the individual potentials of the two electrodes of a MEB experiment measured with respect to a Ag/AgCl reference electrode; (c) Measured cycle of battery cell voltage (  Δ E  ) vs. charge (q) in a mixing entropy battery, demonstrating the obtainable energy. Reprinted with permission from [20]. Copyright 2011 American Chemical Society. 
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3. Common Features of the CAPMIX Techniques


3.1. Thermodynamics of “Blue Engines” and CAPMIX Cycles


Boon and Van Roij [5], van Roij [27] and we [26] have shown that thermodynamic arguments can be very informative of the CAPMIX process regardless of the details of the particular technique. Along this view, Boon and van Roij propose the study of the performance of a “Blue engine" composed by a pair of electrodes submerged in an 1:1 electrolyte, calculating the Helmholtz potential   F ( T , V , N , Q )   of a half-cell of volume V at temperature T containing a single electrode, assuming symmetric behavior of the other one. The system has one electrode with total charge Q (so the other electrode has a charge   − Q  ). In the whole cell, there are N counterions and N co-ions, so that the system electrodes-electrolyte is electroneutral. Keeping the temperature T and the geometric properties of the electrode (surface area, porosity, volume, pore curvature, etc.) fixed, we can simplify notation writing   F ( N , Q )  , such that the differential of the Helmholtz potential is:


  d F = μ d N + φ d Q  



(7)




where the ionic chemical potential   μ =     ∂ F   ∂ N    Q    and the electrostatic potential of the electrode   φ =     ∂ F   ∂ Q    N    have been defined. The work performed by the system in a cycle is   W = − ∮ φ d Q  . If the cycle is performed reversibly,   ∮ d F = 0  , and hence the work also equals


  W = ∮ μ d N  



(8)




i.e., a reversible CAPMIX cycle must involve exchange of ions between the electrode and its medium [27].



Interestingly, we can demonstrate that Equation 8 implies that a reversible CAPMIX cycle performed with the CDLE technique that is able to produce work   ( W > 0 )   involves intrinsically non-linear screening phenomena, in the same way as CDI is a nonlinear phenomenon on the stored charge [21,22]. In fact, together with charge adsorption into the EDL, salt adsorption will also take place in the charging process. The origin of capacitive salt adsorption is not trivial, and resides in the mechanism of charge storage into the electric double layers (EDL) that form at the interface between the carbon electrodes and the solution [26,34]. The charge in the EDL stems not only from an increase of the concentration of counter-ions but also from a decrease of the concentration of co-ions, the latter contribution becoming smaller than the former for increasing charge (second order in σ), resulting in a net ion concentration increase, i.e., a salt storage into the EDLs in the couple of electrodes [26,34]. The salt adsorption per unit surface in the Gouy–Chapman model is given by [34]:


   Γ DL   ( σ , c )  =      σ e   2  +    1  2 π  λ B   λ D     2    −  1  2 π  λ B   λ D    =        σ 2   2 e  σ *    ,       if    | σ |  ≪  σ *          | σ |  e  ,       if    | σ |  ≫  σ *        



(9)




with the crossover surface charge    σ *  = e / 2 π  λ B   λ D   . The crossover behavior from   Γ ∝  σ 2    at low σ to   Γ = | σ | / e   at high σ signifies a qualitative change from the linear screening regime, where the double layers exchange co-ions for counter ions keeping the total ion concentration fixed (such that Γ is negligible), to the nonlinear screening regime where counterion condensation takes place, and a net number of ions is adsorbed into the EDLs.



The total number of ions in the system (the whole cell composed by the two electrodes)   N tot   can be written in terms of the adsorption and the bulk concentration c as:


   N tot  = 2 c V + Γ A = 2 N  



(10)




where A is the area of one electrode. For N to change during a reversible cycle in which work is produced, the salt adsorption Γ must be different from zero. Therefore, as Γ is a second order (nonlinear) screening phenomenon [26,34], a reversible CDLE CAPMIX cycle is in turn essentially non-linear. However, an irreversible CAPMIX cycle can be operated to produce a net amount of work in the linear regime. In fact, Boon and van Roij were able to identify the CAPMIX cycle in Figure 1 with the Stirling cycle (which, in fact, can be used to extract energy even at low σ) and to propose the most efficient alternative based on an analogy with the (reversible) Carnot cycle [5,27], where salt adsorption and desorption upon charging in saltwater and discharging in freshwater, respectively, play a fundamental role. The Carnot-like cycles include a desalination step of the saltwater due to ion adsorption during electrode charging at constant N (such that c reduces according to Equation 10), and a resalination step due to ion desorption during electrode discharging at constant N (such that c increases according to Equation 10). Due to these desalination and resalination steps in the cycle (which are the analogues of the adiabatic cooling and heating steps in the expansions and compression steps of the thermal Carnot cycle, respectively), no irreversible mixing takes place in the cycle, such that it is reversible in ideal conditions.



In CDP, the thermodynamic reversibility of a cycle that is able to generate energy (see Equation 8) requires ideal membranes, i.e.,   α = 1  , so that irreversible mixing does not take place. If the membranes are indeed ideal, the required salt adsorption from the spacer channel into the generalized electrode (the assembly electrode + membrane, usually referred to as membrane-electrode assembly, MEA) is always present, as any charging process implies the transport of only one type of ions (the counterion of the membrane), and the number of ions inside the electrode always increases upon charging. Therefore, contrary to CDLE, CDP can be operated in the linear regime of stored charge in a reversible manner.



Like in the case of CDP, the MEB cycle can be performed reversibly, as irreversible mixing of the two solutions can be avoided. The condition of increasing the number of ions   2 N   in the system required by reversibility (see Equation 8) is also fulfilled, i.e., there is always adsorption of a net number of ions into the electrodes. This can be understood by observing that a couple of positive and negative ions react and are adsorbed into the electrodes for each two electrons that are moved from the positive to the negative electrode, and thus always contribute to ion adsorption [26]:


   Γ MEB  =   | σ |  e   



(11)







Moreover, in a recent paper van Roij identified several Maxwell-like relations by taking second derivatives of the Legendre transformations of the state function   F ( N , Q )   [27,35]. These thermodynamic identities must hold regardless of the nature, composition, geometry, etc., of the electrode and the electrolyte. Of particular interest is the Maxwell relation that stems from the grand potential   Ω ( μ , Q ) = F − μ N  , such that   d Ω = − N d μ + φ d Q  . By considering    ∂ 2  Ω / ∂ μ ∂ Q   one easily derives the Maxwell relation


      ∂ φ   ∂ μ    Q  = −     ∂ N   ∂ Q    μ   



(12)







If one now realizes that the electrolyte bulk concentration c does not change at constant μ, one can write the right hand side of this equation as    ( ∂ Γ / ∂ σ )  c  , where Γ is the adsorption (per unit area) of salt onto an electrode and σ the total charge (per unit area) of the electrode. We can thus rewrite this Maxwell relation for homogeneous electrodes as


      ∂ φ   ∂ μ    σ  = −     ∂ Γ   ∂ σ    c   



(13)







Interestingly, an alternative derivation of this Maxwell relation and its experimental verification have been proposed [26]. The expression presented in [26] reads (in the current notation)


   c  2 R T       ∂ φ   ∂ c    σ  = −     ∂ Γ   ∂ σ    c   



(14)




and follows directly from Equation 13 by inserting the ideal-gas relation   μ = 2 R T ln c  . The minus sign that is not present in the expression of [26] is due to a different trivial sign convention of the potential. Equation 14 connects the rise of the electrode potential upon a salinity change at constant electrode charge to the salt adsorption upon rising the charge at constant salinity. In other words, this relation poses a direct link between the Brogioli-type CAPMIX cycle on the one hand and the salt adsorption upon charging on the other, i.e., it provides an explicit link between the performances of CAPMIX and the corresponding deionization techniques (the aforementioned CDI, MCDI and DB). From this relation, we conclude that technical improvements in the performance of these desalination techniques should also be applicable to improvements on CAPMIX, and vice versa [26].




3.2. Ions Transport and Adsorption in a CAPMIX Cell


The dynamics of all the CAPMIX techniques are strongly influenced by the transport of ions through all the components of a CAPMIX cell, including flow channels, membranes and porous electrodes. Experiments have revealed a complex evolution of the cell potential during the CAPMIX cycle, especially in the open circuit steps. A proper description of the dynamics thus requires the understanding of the transport of ions across ion-selective membranes (where present) and inside porous media, probably at quite different size scales, together with the (capacitive or pseudo-capacitive) storage of ions in the electrodes, i.e., adsorption and desorption.



A good approximation to such understanding can be achieved through the volume averaged model for porous structures developed by Biesheuvel and Bazant [36], although more complex treatments are also available [37,38,39,40,41,42]. The model in [36] describes how the electro-diffusion of ions inside a porous matrix is affected by adsorption and desorption of ions into and from the electrodes, respectively. The adsorption mechanisms can be capacitive (CDLE and CDP), pseudo-capacitive (MEB) or chemical (when faradaic reactions are present [37,41,43]), and lead to perturbations of the local salt concentration (salination and desalination) inside the electro-neutral macropores (with a size of the order of 1 μm) that serve as pathways for the transport of ions, see Figure 4. Although these works only consider the transport in one dimension (perpendicular to the flow in the spacer channel, see Figure 4), they can (and should) be extended to other dimensions (especially along the flow-channel, where non-uniform charge and salt adsorption is expected [44,45]).



Such analysis has already been used by us to analyze the dynamics of the CDLE CAPMIX cycle [44,45], finding excellent agreement between the model and experiments [44]. The basis of this treatment is the formulation of one dimensional diffusion and Ohm equations in porous media, extended to account for charge   j charge   and salt   j salt   adsorption into the electrodes [36]. In dimensionless form (see the original papers for more details [36,37,44,45]), the diffusion and Ohm equations are, respectively:


    ∂  i ˜   (  x ˜  ,  t ˜  )    ∂  x ˜    =  ∂  ∂  x ˜     −  c ˜   (  x ˜  ,  t ˜  )    ∂  ϕ ˜   (  x ˜  ,  t ˜  )    ∂  x ˜     = −  γ  p mA     j ˜  charge   (  x ˜  ,  t ˜  )   



(15)






    ∂  c ˜   (  x ˜  ,  t ˜  )    ∂  t ˜    =  D ˜     ∂ 2   c ˜   (  x ˜  ,  t ˜  )    ∂   x ˜  2    −  γ  p mA     j ˜  salt   (  x ˜  ,  t ˜  )   



(16)




where   x ˜   and   t ˜   are dimensionless position (perpendicular to the flow in the channel, see Figure 4) and time;    i ˜   (  x ˜  ,  t ˜  )    is a specific, dimensionless current;   D ˜   is a normalized diffusion coefficient;    c ˜   (  x ˜  ,  t ˜  )    and    ϕ ˜   (  x ˜  ,  t ˜  )    are the (dimensionless) local salt concentration and electric potential; γ and   p mA   are a measure of the space available for adsorption and macroporosity, respectively, both defined per unit volume of electrode; and     j ˜  charge   (  x ˜  ,  t ˜  )    and     j ˜  salt   (  x ˜  ,  t ˜  )    are the (dimensionless) rates of charge and salt adsorption into the electrodes, respectively.     j ˜  charge   (  x ˜  ,  t ˜  )    and     j ˜  salt   (  x ˜  ,  t ˜  )    cancel out of the porous matrix, and therefore Equations 15 and 16 reduce to the classic Ohm law    i ˜   (  x ˜  ,  t ˜  )  = −  c ˜   (  x ˜  ,  t ˜  )    ∂  ϕ ˜   (  x ˜  ,  t ˜  )    ∂  x ˜      and pure diffusion     ∂  c ˜   (  x ˜  ,  t ˜  )    ∂  t ˜    =  D ˜     ∂ 2   c ˜   (  x ˜  ,  t ˜  )    ∂   x ˜  2      in the spacer channel.
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Figure 4. Schematic representation of a generic CAPMIX cell (other geometries and configurations are possible), composed by two parallel plate electrode assemblies (made of a porous material with or without a ion-exchange membrane in front of it) separated by a spacer channel where fresh- and saltwater flow alternatively. The external power supply can also be absent (CDP). Without losing generality, the enlarged area represents the vicinity of the interface between the spacer channel (where ions are transported by electro-diffusion and convection) and the cathode (covered with a cation-exchange membrane in the case of CDP), along which ions are transported by electro-diffusion and are adsorbed and desorbed into EDLs or the crystal structure of the electrodes. Arrows in the enlarged area represent ions transport and adsorption/desorption in the electrodes. 
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[image: Entropy 15 01388 g004]





The general formulation given by Equations 15 and 16 with appropriate boundary conditions at the spacer/(membrane)/porous matrix interfaces and at the back of the electrodes, where a current collector is present [36,44], is applicable to all the CAPMIX techniques and also to batteries or fuel cells [36,46,47]. Furthermore, it can be extended to more dimensions and other geometries, such as the wire-like electrodes recently proposed [48]. The dynamics of a CDP CAPMIX cycle with wire geometry has been recently studied considering the diffusion in the concentration-polarization layer close to an ion-selective membrane, without including the transport and adsorption of ions into the electrodes [49]. The authors of [49] obtain qualitative agreement between theory and experiments, and although their results could also be of interest in CDLE, its applicability is more restricted than the model proposed here for both CDP and CDLE. In fact, we discussed in [44,45] that Equations 15 and 16 predict non-uniform charge and salt adsorption in the electrodes, and that this non-uniform adsorption effectively influence the dynamics of the CDLE CAPMIX cell, especially for large voltages, small macroporosity and large space available for ions adsorption. Non-uniform charge and salt adsorption are also expected to take place in CDP and MEB, and therefore the transport along the porous electrodes and these adsorption mechanisms also have to be considered to obtain a full description of these processes.




3.3. Key Parameters


For the evaluation of the feasibility of the application of a given type of electrode, the most important parameters that need to be characterized are the voltage rise due to the salinity change and the overvoltage, i.e., the part of the measured cell voltage due to currents in the internal resistances. With the membrane-based electrodes used in CDP and the battery electrodes used in MEB, the voltage rise is given by Nernst law, i.e., it is around 80 mV per electrode in sea/river water. On the other hand, it is limited by the properties of the EDLs for the activated carbon electrodes used in CDLE.



In the case of CDLE, the overvoltage is mainly due to the gap between the electrodes [44,45]. For CDP, the main contribution to the cell overvoltage comes from the resistance of the membranes and is a well studied problem in electrochemical cells and batteries. For this reason, many results obtained in the field of electrochemistry can be translated into results for CAPMIX.



Therefore, the research that is being done in order to optimize the performance of CAPMIX has its focus on the maximization of the voltage rise, effectively extracting the energy from the controlled mixing of the two solutions, and minimizing the overvoltage, i.e., the energy lost in the internal resistance of a CAPMIX cell.



The operation of the CAPMIX cell is also of singular importance for the maximization of the extracted power. Relevant investigations along this line of research include the optimization of cycle timing, i.e., the duration of each step of the cycle [44,45,49]; the minimization of the time needed to exchange the solutions [33] and the avoidance of the mixing of the two solutions in the flow channel [31,33,44].





4. Recent Advances


Besides thermodynamic arguments, many physical and engineering issues have to be addressed and solved before any of the CAPMIX techniques becomes commercially competitive for renewable energy harvesting from salinity differences. These issues include the selection and optimum fabrication of the most suitable materials, appropriate cycle and cell designs, operation conditions, fouling prevention, cleaning and maintenance methods, choosing suitable locations, etc. Below we review the recent advances in their development.



4.1. CDLE


After the proof-of-concept provided by Brogioli [18], new lab scale prototypes have been built and tested with the Brogioli cycle [17,31,44], considerably improving the power output. However, they have also revealed two important problems to be faced, which together limit the maximum power that can be extracted. The main one is the presence of a strong charge leakage in the CDLE cell [31] (and also in CDP [19,32]), which is mainly apparent in the open circuit steps, when the solutions are exchanged. The second one deals with the long transients observed in the switching steps [18,31,44], when the cell voltage evolves with bulk salt concentration following a quite complex dynamics.



Although mandatory to overcome these difficulties, a full understanding of all the involved adsorption mechanisms is still lacking, but some important steps forward have already been taken. The first theoretical analysis of the CDLE technique considered the aforementioned Gouy–Chapman model for EDLs, which assumes that they are locally flat [18,31]. However, suitable electrodes are made of porous materials composed of activated carbon particles, commonly used as supercapacitors thanks to their huge specific surface and, therefore, capacitance [12,15,50]. These materials have typical pore sizes of the order of some nanometers, size range where the EDL cannot be considered locally flat. Moreover, the Gouy–Chapman is a mean-field theory of point-like ions, returning unrealistically large ion concentration and capacitances at large applied potentials [51,52]. Some improved descriptions have already been proposed. In [52], realistic predictions of the energy that can be extracted by solving the whole set of electrokinetic equations [50,53] with a cell model [54] are provided, allowing for partial overlap of EDLs and considering the finite size of ions. The authors of this work identify optimal performances for small pore sizes [52], in agreement with recent experiments showing larger capacitances and best CDI performances with nanopores [50,55,56]. Moreover, the authors in [52] also identify the optimal “working" or external potential (  φ charge   in the present notation) to be around 250 mV. Boon and Van Roij [5] use a density functional including EDLs overlap and finite ion size to calculate ionic adsorption and desorption in porous electrodes, proposing modifications of the Brogioli CAPMIX cycle. Finally, strongly overlapping EDLs have also been considered, approximation valid in the limit of small pore size [44,45].



The dynamics of CDLE has also been studied, considering the effect of ions transport inside the porous matrix and their adsorption/desorption into the EDLs. The electro-diffusion model developed by Biesheuvel and Bazant [36] has been successfully applied to simulate the CAPMIX cycle, providing a full description of the four-phase Brogioli-cycle [44,45]. This study explains the complex dynamics of the CAPMIX cycle as mainly due to the strongly non-linear voltage-concentration dependence characteristic of the EDL and on non-uniform charge adsorption in the electrode, making the length and the thickness of the employed electrodes a very important parameter to be finely tuned. Moreover, the macroporosity, i.e., the micron-size pores inside the electrodes that serve as pathways for ion transport [36], is shown to be very important on the dynamic response of an electrode. Large macroporosity facilitates transport, thus decreasing characteristic response times, but also decreases the specific capacitance of the electrode. Therefore, a compromise between these two effects is to be found [45].



Finally, the issue of charge leakage in CDLE experiments has been systematically investigated, obtaining exciting results regarding the actual behavior of carbon electrodes [17]. Experiments have shown that carbon electrodes leak charge during CAPMIX cycles [17,31,32], avoiding an efficient energy extraction from salinity differences with the CDLE technique, as it is frequent that more power is leaked than can be extracted. The physical mechanism of charge leakage is not clear, and is attributed to specific interactions and chemical reactions at the solid/liquid interface. According to [17], the leakage works to shift the electrode potential toward a fixed value, the spontaneous potential of the electrode. This spontaneous potential depends not only on the properties of the material (chemical composition, crystal structure, surface treatment, pore size, etc.) but also on salt concentration. The breakthrough obtained in [17] consists in taking advantage of the different concentration dependence presented by some materials that have a similar spontaneous potential but opposite evolution upon salinity exchange, different from the expected from the double layer expansion mechanism, and allows to operate the Brogioli-type CAPMIX cycle without an external power supply. This means that the EDL super-capacitors employed in these experiments do not behave as ideally polarizable materials, but present pseudo-capacitances characteristic of battery electrodes [57,58], similarly to those used by La Mantia et al. [20] for MEB.



The strategy used by Brogioli et al. [17] to get rid of both the leakage and the external power supply consists in using two different electrodes with the same spontaneous voltage but opposite behavior in the CAPMIX cell, i.e., one electrode that increases its potential upon changing from salt- to freshwater and vice versa, and other that decreases its potential upon such exchange and vice versa. The proof-of-principle is illustrated in Figure 5, where a charged CAPMIX cell is subjected to alternative flows of salt- and freshwater (without discharging it). As we see, the two electrodes have a similar spontaneous voltage of about 220 mV in salt water, while the voltage difference between them increases when we switch to freshwater. Adding charge/discharge steps to this two-phase cycle, energy can be extracted without a power supply and with almost no leakage [17]. In this work, Brogioli et al. [17] reached a power production of 50 mW per m   2   of electrode without any optimization, an encouraging result and very promising in the pursue of a competitive technology.
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Figure 5. Open circuit potential variation upon salinity change of the two electrodes of a CAPMIX cell made of two different activated carbon materials (MCC and A-PC-2) measured with respect to a reference electrode. The cycles were obtained without external charging, as reported in [17]. Copyright 2012 by The Royal Society of Chemistry. 
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4.2. CDP


Several publications have already contributed to the advancement and development of CDP with very relevant results [32,48,49,59]. These studies include modifications of the CDP cycle proposed by Sales et al. [19] and of the geometry of electrodes and the cell itself, together with some theoretical descriptions of the process. They certainly constitute important improvements, but much work is still to be done, both from the technological and in the theoretical points of view.



In [32], it is shown that the energy extraction can be improved by increasing the stored charge with a forced current, summing up to the charge driven by the Donnan potential. Moreover, they analyze different operations for the discharge process, which is shown to be optimal if performed at low, constant current, due to better impedance matching. With these modifications, the authors reach a power production of about 200 mW/m   2  , still subject to optimization. The phenomenological description provided in this work accounts for all the effects observed in experiments, but a full theoretical description is still lacking.



The main issues to be tackled in order to further increase the power production include the minimization of the internal resistance of the cell, thus minimizing ohmic losses; minimization or avoidance of leakages due to non-ideal behavior of electrodes [17,57] and membranes [60], responsible for voltage decreases during open circuit steps and irreversible mixing of the different solutions, respectively; and the minimization of switching time, which imposes a transient time for the stabilization of the cell voltage that significantly enlarges the duration of the CDP CAPMIX cycle, similarly to the case of CDLE.



Among these, the internal resistance was identified as the main hurdle in [32]. A good improvement in this direction has been recently achieved [48] using a different geometry for the CDP cell, found to be useful in CDI [61]. In these works, it is proposed to use wire-shaped electrodes, instead of the flow-through parallel plate above described. Such geometry seems to strongly reduce the internal resistance between two wires as compared with that expected for two parallel plates, thus reducing the important ohmic losses observed in the discharging phase of the cycle, which is performed in freshwater. Moreover, Sales et al. [48] claim that wire-shaped electrodes would reduce the hydraulic resistance of the cell, further improving its performance.



As already said, the dynamics of the open circuit potential upon salinity exchange in the case of wire-shaped electrodes for CDP has been analyzed by studying the diffusion of salt in the thin, unstirred layer adjacent to the membrane surface in cylindrical geometry [49]. This theoretical analysis is satisfactorily compared with experiments on the transient behavior of the open circuit potential, finding a somewhat faster response of wire-shaped electrodes than planar ones.



Therefore, in the light of the recent improvements on CDP with wire-shaped electrodes, it seems that this strategy presents advantages with respect to the planar geometry. However, future research in this direction must evaluate if these advancements are enough to compensate the expected higher production costs of wires in comparison with planar electrodes.





5. Perspectives


Naturally occurring salinity differences are not limited to delta areas. Brines are available in salt lakes (e.g., Dead Sea), coal-mine brines [62] produced by dissolving geological deposits. They can be artificially produced by means of salterns or as a by-product of desalination plants. Moreover, the brines can be used versus sea water, thus avoiding the freshwater consumption.



Salinity differences can also be produced by distillation. The required heat can be obtained by a renewable source (e.g., by means of a solar concentrator), or can be the waste heat from an industrial process, or part of a co-generation process. Also in this case, the technique contributes to the renewable and clean energy production.



Therefore, the development of CAPMIX cells cannot be limited to sodium chloride solutions with concentrations 500 mM and around 20 mM, but must include other solutions. For example, LiFePO   4   battery electrodes have been proposed to be used with lithium chloride solutions, which can be obtained by solar distillation [20]. Applications of reverse electrodialysis is currently under study [63], which has been recently combined with capacitive technology to reach improved performances [64]. It is likely that different salts will lead to different electrokinetic behaviors, and some particular combination of a CAPMIX technique with a particular solution could lead to an improved efficiency.



Maybe the most important open front in the development of CAPMIX deals with the use of novel kinds of electrodes, possibly combining different techniques in hybrid supercapacitors. In principle, any electrode used for energy storage can be potentially used in CAPMIX. A clear proof of this is the number of alternatives to the initial idea of purely capacitive storage that have appeared soon after the first CAPMIX paper by Brogioli.



In conclusion, we are optimistic with the thought that some of these recent techniques, or a suitable combination of them, will be found to be an efficient tool for the extraction of renewable energy from the entropy produced in the controlled mixing of solutions with different salt concentrations.
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