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The process of capacitive deionization (CDI) is a cost effective and energy efficient method that offers many opportunities in terms of desalination of brackish water and the removal of ionic contaminants. Current research focusses on evaluating different influence parameters to make the CDI process more competitive to other commercially available methods like reverse osmosis, direct distillation or ion exchange. CDI is based on the adsorption of ions to highly porous electrodes by applying an external voltage difference. Although, remarkable progress in CDI modeling has been achieved during the past decade, so far, only few models exist which fully describe the CDI process and which predict the cell behavior in all its aspects, including e.g., performance under constant voltage and/or constant current control or pH effects including water dissociation. However, in this paper a new approach to CDI modeling is presented, which opens a path to fast and easy implementation of a digital depiction of complex CDI setups having e.g., multiple cells. The model is based on the object-oriented modeling language Modelica that enables the simulation and prediction of the behavior of complete CDI cells by combining chemical, electrochemical and electrical components. Furthermore, there is the possibility to predict complex setups with e.g., complex electrolytes, concentration or voltage fluctuations as they appear due to environmental influences outside laboratory experiments. Besides detailed time courses of species concentrations in the bulk and the electrodes or local electrical potentials, the model enables the prediction of important sum parameters such as the salt adsorption capacity, current efficiency and power consumption. The results of the developed CDI model are validated by using parameter settings from literature and comparing the resulting predictions of equilibrium and kinetics. In addition, the agreement between our own experimental results and the respective model predictions is discussed.
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INTRODUCTION

In recent years Capacitive Deionization (CDI) has become a commonly known technique for deionization of brackish water, as it is an energy efficient and cost effective technology (Oren, 2008; Zou et al., 2008; Anderson et al., 2010; Cohen et al., 2013; Porada et al., 2013; Han et al., 2014; Biesheuvel et al., 2015; Suss et al., 2015; Gude, 2016; Dykstra et al., 2018; Ma et al., 2018). In general, a CDI cell mainly consists of two porous electrodes oppositely placed to each other and separated by a permeable, non-conducting spacer through which the feed water is pumped. If an electrical potential of around 1.2 V (Han et al., 2014) is applied between the electrodes, ions dissolved in the feed solution migrate into the pores of the electrodes depending on their charge. A variety of electrode materials are available ranging from activated carbon materials to carbon nanotubes, graphene materials (Porada et al., 2013) and recently studied highly-ordered mesoporous carbon nanopolyhedra (Xu et al., 2019b, 2020), metal-organic frameworks (Wang et al., 2019; Xu et al., 2020) or nitrogen-doped polymers (Xu et al., 2019a). Charge can either be applied by a constant voltage (CV) or a constant current (CC) source. By discharging the electrodes, ions are released to the solution and the electrodes can be regenerated (Zou et al., 2008; Biesheuvel et al., 2015). As the CDI process has gained more importance in recent years, research into experimental optimization and modeling approaches have become more important (Biesheuvel et al., 2011b; Hemmatifar et al., 2015; Suss et al., 2015; Andres et al., 2017). Initial CDI-simulations were done by Johnson and Newman in 1971. It was assumed that the adsorption of ions to porous electrodes could be described by a distributed network of resistances and capacitors resulting in an equivalent circuit model of the porous electrode (Johnson and Newman, 1971). Later on, Biesheuvel et al. (2009) set up a dynamic process model based on the Gouy-Chapman-Stern (GCS) theory to simulate the influence of several parameters such as the flow rate or the applied voltage on the CDI performance. An important element was the definition of the charge efficiency which was developed by Zhao et al. (2010) to introduce an analytical expression for the effectiveness of a CDI system. In 2010, Ryu et al. (2010) implemented a mathematical model of several CDI unit cells by using Matlab Simulink to describe the basic CDI behavior and associated parameters. Also in 2010 Biesheuvel and Bazant (2010) presented a mean-field theory to predict ion transport and storage of ions in porous electrodes which is based on a linear “RC” transmission line. The so-called modified Donnan model for the prediction of ion storage in charged pores was published by Biesheuvel et al. (2011b). The modified Donnan model assumed a constant electrical potential inside the pores due to overlapping electrical double layers. Furthermore two modifications were implemented (Biesheuvel et al., 2011a,b). The first one includes a charge-free Stern layer which symbolizes an atomic “roughness” at the interface between electrode and electrolyte. Secondly, a non-electrostatic attraction term was implemented representing the attraction of ions into the micropores without an applied potential. Using these modifications Biesheuvel et al. (2012) were able to set up a model including ion transport and electrochemical reactions in porous electrodes in 2012. While most publications using the modified Donnan model show and discuss results obtained by the boundary condition of constant voltage operation, Jande and Kim (2013) use the model to investigate CDI performance under constant current operation. Attractive forces in microporous carbon electrodes were further studied by Biesheuvel et al. (2014). Experimental observations and a dynamic model about “enhanced CDI” were presented by Biesheuvel and Biesheuvel et al. (2015), showing the effect of immobile chemical charges on the salt adsorption capacity. In 2015 Hemmatifar et al. (Hemmatifar et al., 2015) presented a COMSOL Multiphysics model of a two-dimensional porous electrode to analyze the coupling of flow and charge transport in a capacitive deionization cell. Considering the importance of acid-base equilibria which are taking place at the electrodes surface, Hemmatifar et al. (2017) further adapted the modified Donnan model. A physics-based model was presented by Dykstra et al. (2017) showing the effect of pH changes in Membrane Capacitive Deionization (MCDI). A dynamic model was set up showing the influences of different ion mobilities in combination with acid-base equilibrium reactions and the effect of charged surface groups of the electrodes. By using a dynamic transport model, Wang and Lin (2018) quantified recently the intrinsic trade-off between the energetic and kinetic efficiencies which is caused by the different charging methods CC or CV. The effect of different charging methods in terms of energy recovery was also described by Dykstra et al. (2018), who presented a methodology to assess the energy consumption under different operation modes. All the above-mentioned models are based on self-programmed algorithms in programming languages such as C++ or MATLAB or commercially available software like COMSOL Multiphysics. On the one hand, they allow full control of the applied equations, but on the other hand subsequent modifications and extensions are not easily done. Therefore, in our new approach to CDI modeling, an object-oriented code generation was chosen using the software OpenModelica which is available as freeware. In addition to relatively easy visual programming, this offers the interesting possibility to combine (electro-) chemical elements such as thermodynamically controlled reactions with electronic components such as resistors, current sources, etc., thus allowing a realistic image of a full CDI system. In our eyes this opens a path to the implementation of a digital depiction of complex CDI cells. In a broader context the object-oriented modeling with Modelica offers the chance of fast and easy simulations of electrochemical processes where the combination of different physics is highly important. In order to follow the idea of open access we uploaded our CDI models into a public repository available at https://github.com/mfkage/Modelica-Simulation-Ragone-Plot.



THEORY

Capacitive Deionization and Ion Storage in Electrical Double Layers

In a CDI cell, charge storage in the pores of the electrodes can be explained with the theory of the electrostatic double layer (EDL). A well-known model describing the EDL was proposed by Gouy-Chapman-Stern (GCS). Here, the EDL is formed by an inner compact layer and an adjoining diffuse layer. The main part of the potential difference between the electrode surface and the bulk decays linearly in the so-called Stern layer formed by fixed ions having immediate contact with the surface. The rest of the potential difference decays exponentially in the diffuse layer formed by a progressively decreasing ion concentration with increasing distance from the electrode surface. A characteristic extension of the EDL is the Debye length in which the potential has decreased by a factor of e (Porada et al., 2013; Biesheuvel et al., 2015). In the activated carbon particles which are typically used in electrodes of a CDI cell, the average pore size is around 2 nm (Hemmatifar et al., 2017; Dykstra et al., 2018). As this is generally smaller than the Debye length, it is assumed that the diffuse layers of the EDLs are overlapping. In this case, the GCS theory is not valid. This problem was solved by introducing the so-called modified Donnan model by Biesheuvel et al. (2011a,b, 2012); Porada et al. (2012). According to the theory of the modified Donnan model, it is assumed that strongly overlapping EDLs lead to a constant electrical potential in the so-called micropores (<2 nm diameter). It is assumed that charge accumulation and ion storage takes place in the micropores, whereas macropores (>50 nm) are used for ion transportation only. By using this theory, the relationship between the concentration of an ion “i" in the micropore and the adjacent macropore can be described as follows (Biesheuvel et al., 2011a,b; Zhao et al., 2012).

[image: image]

Here, cXi, mi is the concentration of ions i in the micropores, cXi, ma the salt concentration, zXi the ionic charge number and ϕD the Donnan potential which describes the effective electrical potential difference between micro- and macropores. The term μatt is used to include a chemical attraction energy which is non-electrostatic and represents the affinity of the ions to adsorb on the electrodes without an applied voltage (Biesheuvel et al., 2014). Typical values calculated to define the performance of a CDI process are the salt adsorption capacity (SAC) and the charge efficiency Λ. The SAC is defined with ci as the concentration of ions adsorbed from the bulk during charging, c0 as the concentration of ions released into the bulk during discharging, me as the mass of electrodes and the flow rate Φ (see Equation 2). The charge efficiency is defined as the SAC value times the Faraday constant F and divided by the total charge Q as presented in Equation 3 (Avraham et al., 2009; Kang et al., 2014; Kim et al., 2015).
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Object-Oriented Modeling With the Modelica Language

Modelica is an equation-based object-oriented modeling language (Fritzson, 2011). The software which was used to set up the model was the open-source distribution “OpenModelica” of the Modelica language (Fritzson, 2015). Via drag and drop of various objects different models can be set up and easily changed. Thereby, it is possible to combine chemical objects together with electronic, mechanical or hydraulic objects. In the background, each object is described by equations. For example, an electrical resistor is described as U = R*I, where U is the electrical voltage, R the electrical resistance and I the electric current which is applied. In addition, the object representing a resistor has an optional interface representing the heat flux generated by the current in the resistor. In this way, a multi-physics representation of technical or environmental systems is possible with this software (Elmqvist et al., 1998; Fritzson, 2011, 2015). Modelica models can be set up by connecting different objects with connecting lines. These connectors represent the physical or chemical coupling of the components. All connectors have a non-flow as well as a flow variable. The non-flow variable can be a potential, e.g., the electrical potential or the electrochemical potential of a substance, and the flow variables can be the electrical current I or the molar flow dn/dt. The two types of connectors used in our model are presented in Table 1 (Fritzson, 2015; Matejak et al., 2015). According to Kirchoff's law, the sum of all flow variables in one junction has to be zero. A junction can be a phase boundary in the case of chemical elements, or where wires are connected in the case of electrical elements. In all cases, the non-flow variables of the connected objects must have the same value in the junctions. For example, the equilibrium state of a chemical system is characterized by concordance of the (electro-) chemical potentials of the involved substances in the respective compartments (Fritzson, 2015; Matejak et al., 2015).


Table 1. Overview of the chemical and electrical connectors used in the CDI model.

[image: Table 1]



Definitions and Fundamentals of the Chemical Library

Available objects like electronic or chemical components, voltage sensors or sources and are stored in libraries. The electrical library is part of the “Modelica Standard Library” while the chemical library (“Modelica Library of Chemical and Electrochemical Processes,” Chemical 1.1.0) is an external library developed by Matejak (2015). In the models described in sections Implementation of a simple CDI model and Enhanced model including water dissociation, the chemical objects solution, substance, reaction and electron transfer are used. By multiple use of the object “solution,” different compartments can be defined e.g., the bulk solution in the CDI cell as well as the anode and the cathode. Inside one compartment, properties such as the temperature and pressure of the solution can be set. For every compartment, the included substances have to be defined and connected to the solution port. Substances are defined by selection from a predefined list in the chemical library or are created individually. Parameters defining the substances are the standard molar Gibbs free energy of formation and the electrical charge. To set up chemical reactions, all substrates and products taking part have to be connected to the reaction by considering their reaction coefficients. All chemical reactions are based on equilibrating the chemical- or electrochemical potential which will be further described in section Implementation of a simple CDI model. To model electrochemical systems, the object “Electron.Transfer” is used to realize the connection between chemical and electrical parts, as it has a chemical as well as an electrical connection port.



Implementation of a Simple CDI Model

In Figure 1 a sketch showing the basic principle of a CDI cell can be seen and how this was transferred into a computational model by using the graphical user interface of OpenModelica. It should be emphasized that the displayed model does not show a general sketch but a screenshot of the actual model as it was generated by drag and drop. Figure 1 represents the simplest case of a CDI model describing the reversible uptake of NaCl. To represent the main components of an experimental CDI setup, five compartments (defined by dashed pink lines) were included: the bulk solution in the spacer between the electrodes, feed and effluent solutions, as well as cathode and anode. The electrodes can be regarded as a black box that includes the micropores as well as the electrodes surface. All solutions contain mainly water and varying concentrations of Na+ and Cl−. The compartments feed, bulk, and effluent have connectors carrying the respective molar fluxes of all substances (green lines). In case of a convective connection caused by e.g., pumping the solution through the CDI cell, the extent of the molar fluxes is given by the stream of the solution multiplied by the respective molar concentration. Thereby the object “stream” was used which connects the respective solutions as well as the respective substances (e.g., effluent solution with bulk solution and Na+ in effluent and bulk solution). The compartments representing the electrodes include the substances Nami and Clmi accumulated in the micropores, as well as the substance water H2Omi. In addition, the electrodes have an object called “Electron.Transfer” describing the connection between chemical (marked in pink) and electrical (marked in blue) objects. The parameters of all substances which were used are defined and explained in Section 1 of the Supplementary Material. For the electrical components, an electrical voltage or current source is introduced to charge and discharge the cell, and an optional current sensor is used to measure the current in the cell. In front of each electrode, a capacitor and a variable resistor is placed. The functions of these components will be explained later in this section. The object “reaction” of the chemical library of Modelica defines a strict thermodynamic relationship of the involved substances, representing the equilibrium state by the condition that the sum of the Gibbs free energies of the educts and products is zero (see Equations 4–6). These equations are implemented automatically into the model by graphically adding a “reaction” object by drag and drop. The same holds for the equations defining mass balances or flows, which are also implemented automatically when adding the respective graphical objects into the model scheme. Therefore, the complete model can be generated without typing equations in form of programming code.

[image: image]

Here, νi is the stoichiometric coefficient and [image: image] is the electrochemical potential of substance Xi:

[image: image]

The term [image: image] is the standard chemical potential, and aXi is the activity of the substance Xi. In bulk solutions having a constant electrical potential, Equation 5 reduces to the thermodynamic derivation of the law of mass action. If the Equation 5 is applied to a reaction describing the transfer of a single substance Xi between the bulk (or a macropore) and a micropore having a potential difference ϕD the relationship reduces to:

[image: image]

This states simply that the equilibrium is defined by the condition that the electrochemical potential of substance Xi in the micropore is the same as the one in the macropore, which is the same than the one in the bulk. Inserting Equation 6 into Equation 5 and using the definition that in case of infinite dilution the activity can be replaced by the molar concentration one gets:

[image: image]

here, [image: image] is the difference between the standard chemical potential of substance Xi in the micropore and in the macropore, which is the same as μi,att in Equation 1. This shows that the Modelica model includes exactly the same relationship of the potential-dependent ratio between the ion concentration in the micro- and macropores as the modified Donnan model introduced previously (Biesheuvel et al., 2011a,b; Zhao et al., 2012).


[image: Figure 1]
FIGURE 1. Principle sketch of the CDI setup and the corresponding basic CDI model setup generated by using the Modelica modeling language. In pink all chemical substances in the specific compartments (electrodes, bulk, feed or effluent solution) are shown in addition to the electrical circuit elements which are shown in blue (voltage source, capacitor and resistor).


Next we will see how this potential-driven accumulation of ions in the micropores is connected to current in the CDI system. With a closer look at the electrosorption reaction symbols of the CDI model shown in Figure 1, it can be seen that electrons are also involved. Actually, the accumulation of positively charged ions, e.g., Na+, requires the transport of a corresponding number of electrons from the electrical circuit into the electrode (Equation 8). Vice versa, the electrosorption of negatively charged ions such as Cl− requires the transport of a corresponding number of electrons out of the electrode into the circuit (Equation 9).
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[image: image]

In Equations 8, 9 the electrosorption of the substances Xi to the electrode looks like a redox reaction, which seems to be in contrast to the principle of CDI where there is no charge transfer between the electrode and the ions accumulated in the micropores (Biesheuvel and Bazant, 2010; Porada et al., 2013; Suss et al., 2015). However, the electrode must be viewed in its entirety. This means that on the macroscopic level, the electrosorption of a charged ion must be accompanied by a corresponding transport of electrons into or out of the electrode. From Equations 8, 9 it can also be seen that Modelica does not assume a spontaneous achievement of the equilibrium but rather that the calculation uses an adjustable kinetic coefficient kc. As is explained in more detail in the Section 2 of the Supplementary Material, Modelica applies a kinetic expression using the difference of the electrochemical potentials of products and educts as a driving force. In order to get the unit [image: image] of the molar flux this requires that the kinetic coefficient be given in the somewhat unusual unit of [image: image]. If the condition of the modified Donnan model is assuming spontaneous equilibrium between the concentrations in the micro- and macropores, we used a high value of[image: image].

However, even if more realistic values of [image: image] are estimated for the diffusivity of the substances in the electrodes (see Section 2 of the Supplementary Material), the influence of the kinetics of electrosorption between micro- and macropores stayed small. This confirms the assumption of conventional CDI models that this is not a rate-determining step (Biesheuvel et al., 2012). Nevertheless, it should be mentioned that the Modelica model offers the possibility to consider the kinetics of this step, if required. What is missing up to this point in the model is a mechanism describing that the buildup of the electric double layer is limited by the electrical capacity of the capacitor formed by the electrode surface and the adjacent Stern layer. In the same way the Stern layer is in series with the diffuse layer from an electrical point of view, this capacity limitation can be introduced into the model by putting an electrical capacitor in series to each electrode. The capacitors limit the uptake of ions and thus enable the control of the salt adsorption capacity of the CDI cell. Furthermore, they correctly display the increase of the potential drop in the Stern layer during charging. For example, the amount of charge stored in the capacitor added in series to the cathode is given by:

[image: image]

Here, Qcath is the charge of the cathode, Ccath the electrical capacity of the cathode, and ϕSt,cath the Stern potential. The amount of charge stored is connected to the amount of ionic species cXi stored in the cathode by Faraday's law:

[image: image]

Finally, we consider the voltage across the cell that equals the sum of voltage drops along the complete circuit (compare Equation 12). Here ΔϕSt,cath, ΔϕSt,an are the respective Stern potentials in the cathode and anode, ΔϕD,cath, ΔϕD,an the potential difference between bulk solution (or macropore) and the respective electrode and Δϕcurrent lead+electrolyte the potential drop caused by the electrical resistivity of the current leads, current collectors as well as the electrolyte solution. The electrical resistivity of the current collectors and the electrolyte were considered by adding variable electrical resistors to the CDI cell which picture the specific voltage drops in the wiring and the electrolyte across the flow channel of CDI cell. The applied relationship for the resistivity R = R0 + Rc/c contains a constant term R0, representing the resistivity of the current leads and collectors. The second term symbolizes an electrode specific term Rc varying with ionic strength of the electrolyte (Biesheuvel et al., 2011b). For this, the concentrations in the bulk can be determined by a sensor object of Modelica, modified by mathematical expressions and used as an input for the resistivity of the variable resistor (see yellow boxes in Figure 1).

[image: image]

What is important to mention is the fact that the introduced equations only have the purpose to illustrate the mathematical background of the CDI cell model implemented by Modelica objects and how these interrelationships are compared to conventional CDI models. However, none of these equations has to be implemented manually; the model is simply created by drag and drop of the respective Modelica objects, wiring the respective connectors and entering the required parameters describing the CDI cell.



Enhanced Model Including Water Dissociation

To picture a more general model of the processes in a CDI cell and to be able to show pH effects, water dissociation was implemented into the model (compare Figure 2). The species H+ und OH- were added (see green boxes in Figure 2), including the possibility that these ions could accumulate or deplete in the micropores of the electrodes (see gray boxes in Figure 2). In the compartments feed, bulk, and effluent, the dissociation equilibrium of water was included by applying the Modelica object “chemical reaction” (see green boxes Figure 2). In this manner, other dissociation reactions, e.g., of weak acids, could also be easily implemented in the Modelica CDI model.


[image: Figure 2]
FIGURE 2. Enhanced CDI model that includes the species OH− and H+ in the bulk, feed and effluent solutions (green frames) in addition to the adsorbed species OHmi and Hmi on the electrodes (gray frames).





RESULTS AND DISCUSSION

To validate the model presented here, simulation results are first compared to published simulation results of different versions of the modified Donnan model (Zhao et al., 2010; Biesheuvel et al., 2011b; Zhao, 2013). In a second step, the model predictions are compared to experimental results. For the analysis of simulated data, OpenModelica offers the possibility to study the time dependency of all parameters without the declaration of output variables. Furthermore, data can be transferred to other software such as MATLAB for analysis or further calculations, enabling easy and automated data analysis.


Simulation of Equilibrium Data

In Figure 3 simulation results of equilibrium data are plotted and compared to literature results of Biesheuvel et al. (2011b). The dependences of the calculated ion concentration in the micropores on the applied voltage can be seen. Thereby the co-ion concentration as well as the counter-ion concentration is plotted vs. the applied voltage for two different bulk concentrations. In Figure 3A, literature results taken from Biesheuvel et al. (2011b) are plotted which were predicted following calculations according to Equation 1. Biesheuvel et al. (2011b) calculated the ion concentration in the micropores by using a modified Donnan model which includes a chemical attraction term [image: image] of 2 kT to consider non-electrostatic adsorption. Further calculation parameters were an electrode mass density of 0.58 g/ml and a microporosity of 0.37. Biesheuvel et al. also included a voltage depending Stern capacity following the empirical expression [image: image], where Cst,0 is the Stern capacity at 0 V and α represents the non-linear part of the Stern capacity (Zhao et al., 2010; Biesheuvel et al., 2011b; Zhao, 2013). In Figure 3B, simulated data using our Modelica model is shown. For this, all parameters ([image: image]electrode mass density, microporosity etc.) were chosen accordingly to values used by Biesheuvel et al. (2011b) to derive a comparable model setup. In Modelica Stern capacity is represented by the capacitors used in the model. To fit the model to the literature results a voltage depending capacitor was chosen. It can be seen that both models predict consistent results showing that with increasing cell voltage the concentration of the counterions in the micropores increases, while the concentration of the co-ions is decreased. By assuming a chemical attraction [image: image], an adsorption affinity is defined which permits adsorption even in the absence of an applied potential. By applying a cell voltage, co-ions are repelled from the electrodes, which leads to a negative micropore concentration relatively to the amount adsorbed at zero cell voltage. In Figure 4, the corresponding SAC values and charge efficiencies are plotted against the applied cell voltage. The literature results (solid line) as well as the simulated data (squares) are shown. Both models were calculated by adding a chemical attraction term of [image: image] and again the results are highly consistent. Looking at the predicted charge efficiency in Figure 4, it can be seen that the charge efficiency increases with increasing voltage and is higher for lower bulk concentrations. This is reasonable, considering the effect of co-ion expulsion from the electrode. This effect gets more important for lower potentials or higher concentrations, where the ratio between non-electrostatically adsorbed and electrostatically adsorbed ions is high. The predicted SAC also increases for higher voltages and is higher for lower bulk concentrations. Again, the importance of co-ion repulsion when compared to capacitive ion adsorption is the reason for this trend.


[image: Figure 3]
FIGURE 3. Comparison of the calculated micropore concentration relative to the adsorption at zero cell voltage of (A) the modified Donnan model and (B) with values calculated by Modelica. For the simulation, a variable capacitor was chosen represented by the empirical expression [image: image] with Cst,0 = 75 F and α = 10 F.



[image: Figure 4]
FIGURE 4. Simulated (A) charge efficiency and (B) salt adsorption capacity vs. cell voltage in comparison to literature results. For the simulation, a variable capacitor was chosen represented by the empirical expression [image: image] with Cst,0 = 75 F and α = 10 F.




Simulation of Kinetic Data

Kinetic aspects of a complete CDI-cell were calculated and compared to literature results by Zhao et al. (2010). Again literature results are derived by calculations based on the modified Donnan model. To fit Modelica data to the literature results an electrode specific resistor was chosen and adapted. This was done by a variable resistor depending on the concentration in the macropores as described in section Implementation of a simple CDI model and in analogy to the kinetic terms of the models of Biesheuvel et al. (2011b) and Zhao et al. (2010). For the simulation of the CDI process a flow rate of 60 ml/min for cyclic constant voltage operation with desorption at 0 V was chosen for both models. The results can be seen in Figure 5 where the bulk concentration over time is shown for different applied voltages and initial bulk concentrations. By comparing both models again a good agreement between literature and simulated data can be seen, validating the suitability of our model also in case of the prediction of kinetic data. Small differences in the kinetic behavior can be recognized between the models. These differences can be explained by the additional kinetic reaction coefficient which comes with the “reaction” model defined in the Modelica language and which we used to simulate the electrosorption of charged substances in the micropores of the electrodes. In contrast to the conventional formulation of the modified Donnan model, our model does not assume this as a spontaneous process which reaches local equilibrium instantaneously, but as a kinetic process having a fast but defined reaction rate.


[image: Figure 5]
FIGURE 5. Comparison of the kinetic behavior. Literature results based on the modified Donnan model by Zhao et al. (2010) are shown in (A,C) and are compared to results simulated by Modelica in (B,D). Calculations were done by using a variable resistor R = R0 + Rc/c with R0 = 1 Ω and[image: image].




Prediction of pH Effects

In terms of CDI, another important point is the effect of pH changes in between feed and effluent solution, as this can have a significant effect on the long-term stability of the electrodes (Cohen et al., 2013; Dykstra et al., 2017). To study those effects, water dissociation and the electrosorption of H+ and OH− were implemented in the CDI model and the pH values resulting from different cell voltages were calculated for the bulk and the micropores (compare section Enhanced model including water dissociation). This enhanced model was compared to results available from literature (Dykstra et al., 2017) which is shown in Figure 6A. In the model of Dykstra et al. the general chemical attraction term μatt is replaced by acidic and basic surface groups having a specific surface charge in the electrode. Nevertheless, results simulated with Modelica show that at least in the case of equal surface charges of the acidic and basic groups, the assumption of a chemical attraction delivers the same results, if the different regions of the electrode are averaged. To adjust simulated data to the literature results, again a chemical attraction term of [image: image] proved to be suitable (see Figure 6B). If equilibrium calculations are conducted with a small stagnant bulk volume representing the flow channel, the two models predict the same pH behavior with respect to dependency on the applied voltage. Because of the balanced attraction of H+ and OH− ions, the pH value in the bulk solution does not vary with the voltage, whereas the pH value in the cathode decreases with increasing cell voltage, a situation that is reversed at the anode. This is reasonable as it has to be considered that Equation 1 describing the ratio between the ion concentration in the micro- and macropores also holds for protons and hydroxyl ions. Therefore, the accumulation of protons on the anode and hydroxyl ions in the cathode is strictly coupled to the electrosorption of Na+ and Cl− associated with the Donnan potential.


[image: Figure 6]
FIGURE 6. pH variations on the electrodes and in the bulk solution. Literature results by Dykstra et al. (2017) are plotted in (A) and calculated results with the enhanced model in (B). The dependency of the bulk Na+ concentration on the applied voltage is compared to the model (C).


Even in the case of electrodes with high capacity, the ion concentration in the cathode hardly exceeds 500 mM. Given an ion concentration of 5 mM in the bulk, this results in a ratio between the ion concentration in the micro- and macropores of 100. If the Donnan potential drives the same ratio for protons, this means that the pH in the cathode is only moderately decreased by two pH units compared to the pH in the bulk. Therefore extreme pH differences between the bulk and the electrodes, as shown in Figure 6A, are only possible if the amount of Na ions in the bulk solution is highly depleted in the course of the CDI process. For illustration, the equilibrium concentration of Na+ in the bulk as a function of the cell voltage is plotted in Figure 6C. A comparison shows that after the introduction of protons, hydroxyl ions, and the water dissociation reaction, the enhanced model is able to reproduce the recently published pH effects in CDI electrodes. The simplicity of how this could be achieved paves the way for the future introduction of further chemical equilibria such as the dissociation of weak electrolytes, in order to the study how this effects CDI processes.



Comparison With Experimental Data

In order to validate the model, simulated data were compared to experimental results. The experimental results were obtained by using a commercially available CDI cell (Ecomite U, PureChem CO., LTD). The dimensions of the electrodes were 10 × 10 cm2 with a total weight of 3.32 g and a micropore volume of 0.62 ml/g which was measured using a BET analysis (Quantachrome Instruments). The experiments were done with a NaCl concentration of 10 mmol/l at a cell potential of 1.2 V and a flow rate of 2 ml/min. The voltage was applied with a potentiostat (Reference 600, Gamry Instruments) and the current was detected throughout the experiment. The pH value was measured with a pH meter (pH Meter 766 Calimatic, Knick) and the ion conductivity was determined online using a conductivity meter (Konduktometer 703, Knick) from which the ion concentration was calculated. For the simulation, all parameters (flow rate, bulk concentration etc.) were chosen in accordance to experimental data and a chemical attraction term of 2 kT was added. Again, a variable resistor was used, as explained in section Simulation of kinetic data, and a capacitance of 70 F was chosen. In Figure 7, the experimentally determined results as well as the simulated data are shown together. It can be seen that by using the enhanced model it is possible to predict the behavior of a complete CDI cell including a qualitative description of pH effects occurring in the bulk solution. While SAC and charge efficiency show a very good quantitative agreement between experimental and simulated data, the predicted pH effects are two small and the mean pH value of the experimental data is shifted toward slightly acidic values. The reasons for these discrepancies can be found, on the one hand in the neglection of functional groups, such as e.g., carboxy, at the carbon surface. On the other hand, the shift of the whole pH curve is probably caused by dissolved atmospheric CO2. While the implementation of functional surface groups and dissolved carbon dioxide species would also be possible in the Modelica programming environment, for the sake of simplicity we did not add this feature in the current version of our model.


[image: Figure 7]
FIGURE 7. Comparison of experimentally determined data and simulated data. Results for the current in the cell (A,B), the bulk concentration (C,D) as well as the pH value (E,F) were compared. For the simulations, a variable resistor R = R0 + Rc/c was used with R0 = 1 Ω and[image: image].


As explained in section Simulation of kinetic data, Modelica components can be easily changed by drag and drop. With this procedure, the same model can be used to simulate constant current experiments by changing the voltage source into a current source. Figure 8 shows a comparison of results and experimental data for such a constant current case. In accordance with the experimental setup, a flow rate of 1 ml/min, a concentration of 20 mM of NaCl, and a current source of 0.016 A were chosen for the simulation parameters. Furthermore, a variable resistor, a capacitor of 70 F and a chemical attraction term of 1.5 kT were used for the simulation. Looking at Figure 8, it is obvious that prediction of values for constant current experiments is possible and matches well with experimental results.


[image: Figure 8]
FIGURE 8. Comparison of experimental data and simulated data (right) using a constant current source of 0.016 A. Results for the current in the cell (A,B), the voltage (C,D), and the bulk concentration (E,F) were compared. For the simulations, a variable resistor R = R0 + Rc/c was used with R0 = 1 Ω and[image: image].





CONCLUSION

In this work, a new modeling technique for CDI processes was demonstrated using the software OpenModelica, which is based on the object-oriented modeling language Modelica. Two models with different complexity were presented and were shown to be able to describe the main aspects of a CDI process, including time courses of the concentrations within the effluent and the electrodes and the current and potential drops at different locations in the cell. In addition, the model delivers performance parameters such as SAC, current and charge efficiency. Predicted results were compared to different literature results calculated by using state of the art modified Donnan models. The predictions show a very good agreement to literature results in terms of equilibrium as well as kinetics. Specific effects such as pH variations on the electrodes and in the bulk solution can be simulated by using the enhanced model; it was shown again that predicted results are comparable to results found in literature. The flexibility of the modeling approach was illustrated by a very simple switch to a variant simulating constant current charging and short-circuited discharge. Other adaptations like simulating e.g., voltage fluctuations during the CDI process are conceivable. Furthermore, we see the legitimation of our model not only in its graphical interface and the easy and straightforward usage, but in the possibility of the fast and easy adaption to new process setups, complex environmental conditions in real operation set-ups all the way to the possibility of building a digital twin of complete CDI process plants.
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