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Abstract  

Transport of multicomponent electrolyte solutions in saturated porous media is affected by the  

electrostatic interactions between charged species. Such Coulombic interactions couple the  

displacement of the different ions in the pore water and remarkably impact mass transfer not  

only under diffusion- but also under advection-dominated flow regimes. To accurately describe  

charge effects in flow-through systems, we propose a multidimensional modeling approach  

based on the Nernst-Planck formulation of diffusive/dispersive fluxes. The approach is  

implemented with a COMSOL-PhreeqcRM coupling allowing us to solve multicomponent ionic  

conservative and reactive transport problems, in domains with different dimensionality (1-D, 2-D  

and 3-D), and in homogeneous and heterogeneous media. The Nernst-Planck based coupling has  

been benchmarked with analytical solutions, numerical simulations with another code, and high- 

resolution experimental datasets. The latter include flow-through experiments that have been  

carried out in this study to explore the effects of electrostatic interactions in fully three- 

dimensional setups. The results of the simulations show excellent agreement for all the  

benchmarks problems, which were selected to illustrate the capabilities and the distinct features  

of the Nernst-Planck based reactive transport code. The outcomes of this study illustrate the  

importance of Coulombic interactions during conservative and reactive transport of charged  

species in porous media and allow the quantification and visualization of the specific  

contributions to the diffusive/dispersive Nernst-Planck fluxes, including the Fickian component,  

the term arising from the activity coefficient gradients, and the contribution due to  

electromigration.   

1 Introduction  

Solute transport in porous media depends on the interplay of physical, chemical,  

electrochemical and biological processes. In particular, the diffusive movement of charged  

species in solution, such as major ions and many contaminants in groundwater systems, results  

from the gradient in electrochemical potential (Bard & Faulkner, 2001). Thus, Nernst-Planck  

equations for fluxes and conservation laws describe the movement of the charged species  

(Probenstein, 1989). A common assumption in groundwater applications is to neglect the  

electrostatic interactions between charged species in pore water and to describe solute  

displacement by Fickian diffusion. However, a number of contributions, mainly from the  

geochemistry literature, have focused on the importance of multicomponent ionic transport (Ben- 

Yakov, 1972; Lasaga, 1979; Gvirtzman & Gorelick, 1991; Boudreau et al., 2004; Steefel and  

Maher, 2009) and have shown the need of taking into account Coulombic interactions in  

practical applications in diffusion-dominated low-permeability matrices (Giambalvo et al., 2002;  

Appelo & Wersin, 2007; Liu, 2007; Appelo et al., 2008; Liu et al., 2011; Tournassat & Appelo,  

2011; Alt-Epping et al., 2015; Tournassat & Steefel, 2015). A few recent experimental studies  

(e.g., Rolle et al., 2013a, Muniruzzaman et al., 2014; Muniruzzaman & Rolle, 2017) have shown  

the effects of electrostatic interactions between charged species during transport of strong  

electrolytes in porous media under advection-dominated flow-through conditions. Besides these  

experimental evidences for electrolyte transport, a number of pore-scale studies showed the  

importance of diffusion and incomplete mixing in pore throats and channels also at high flow  

velocities and Péclet numbers. Pore-scale investigations were based on both microfluidic  

experiments (Li et al., 2008; Zhang et al., 2010; de Anna et al., 2014; Scheven et al., 2013) and  

pore-scale simulations (e.g., Cao & Kitanidis, 1998; Tartakovsky et al., 2009; Molins et al.,  

2012; Rolle et al., 2012; Yoon et al., 2012; Rolle & Kitanidis, 2014; Crevacore et al., 2016). In  
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addition to the results of laboratory experiments, the outcomes of such pore-scale investigations 

have also been instrumental to improve the parameterization of key macroscopic quantities, such 

as hydrodynamic dispersion coefficients (e.g., Delgado, 2006; Bijelijc & Blunt, 2007; Chiogna et 

al., 2010; Rolle et al., 2012), necessary for the continuum-based description of solute transport in 

groundwater studies. The effects of small scale diffusive processes propagate through the scales 

and have been shown to impact macroscopic solute transport at field scales both for conservative 

solutes (e.g., Carrera et al., 1998; LaBolle & Fogg, 2001; Chiogna et al., 2011; Rolle et al., 

2013b; Hadley & Newell, 2014) as well as for mixing-controlled reactive transport (e.g., 

Chiogna et al., 2011; Cirpka et al., 2012; Eckert et al., 2012). Despite the controlling role of 

small scale diffusive processes for groundwater transport is increasingly recognized, the 

macroscopic impact of electrostatic interactions on transport of charged species in flow-through 

porous media has been hardly explored. Possible reasons of this knowledge gap might be the 

difficulties in performing high-resolution experiments allowing resolving the effects of 

electromigration under flow-through conditions and without forcing an electric field, as well as 

the scarcity of simulation tools allowing multi-dimensional reactive transport modeling 

considering multicomponent ionic transport (Steefel et al., 2015; Rasouli et al., 2015; 

Muniruzzaman & Rolle, 2016). Exploring electrostatic interactions under flow-through 

conditions is of pivotal importance to improve our capability to understand and predict the 

behavior of complex geochemical systems. Transport and mixing of major ions and charged 

contaminants, including acidic plumes and a number of trace metals and metalloids of primary 

environmental concern (Kjøller et al., 2004; Prigiobbe et al., 2012; Rolle et al. 2013; Prigiobbe & 

Bryant, 2014; McNeece & Hesse 2017) strongly depend on electrostatic interactions with 

charged surfaces and within the pore water.         

In this work we propose a solute transport formulation based on the Nernst-Planck 

equations to describe transport of charged species in saturated porous media. We present a 

modeling approach taking into account the Coulombic interactions between ions in the pore 

water solution and capable of performing a wide spectrum of reactive processes. The model is 

based on the coupling between the multiphysics simulator COMSOL Multiphysics
®

 and the 

widely used geochemical code PHREEQC (Parkhurst & Appelo, 2013). Such Nernst-Planck 

based, multicomponent ionic transport simulator is benchmarked and validated with analytical 

and numerical simulations, as well as with high-resolution data from flow-through experiments 

performed under advection-dominated flow conditions in quasi 2-D and in 3-D setups. The latter 

represent first experimental evidence of Coulombic effects during transport of strong electrolytes 

in fully three-dimensional porous media.    

2 Methods 

2.1 Modeling Approach 

2.1.1 Nernst-Planck equations in flow-through systems 

The diffusive displacement of dissolved ions in aqueous solution depends on the 

electrochemical potential μi of the ionic species i: 

 
0 ln Φi i i iRT a z F   

 
(1) 
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where 0

i  
is the electrochemical potential in standard conditions, R is the ideal gas 

constant, T is the absolute temperature, ai is the activity of the ion in solution, zi is the charge 

number, F is the Faraday’s constant and Φ is the electrostatic potential. Considering the spatial 

gradient of the electrochemical potential, the diffusive flux of the species i is expressed by the 

Nernst-Planck equation:  

 Φln  i
iaq

iii

aq

ii

aq

ii C
RT

Fz
DCDCDJ 

 
(2) 

where Di
aq

 is the self-diffusion coefficient of the charged species i in the aqueous 

solution, Ci is the concentration and γi is the activity coefficient. The first two terms on the right-

hand side of Eq. 2 describe the effect of the chemical potential gradient that result in the classic 

Fickian diffusion as well as in a contribution due to the gradient of the activity coefficients. The 

last term in Eq. 2 is the electromigration contribution and describes the effect of the electrostatic 

potential gradient arising from different transport velocities of the ions in the solution. Eq. 2 

represents the corner stone to derive the multicomponent ionic diffusion equation of charged 

species in aqueous solutions.  

In porous media diffusion occurs in the pore water and, under flow-through conditions, 

hydrodynamic dispersion affects solute displacement. As highlighted in both pore scale modeling 

(Tartakovsky et al., 2009; Hochstetler et al., 2013) and laboratory flow-through experiments in 

packed beds (Delgado & Carvalho, 2001; Chiogna et al., 2010; Ye et al., 2015a) aqueous 

diffusion represents a quantitatively relevant contribution to hydrodynamic dispersion, especially 

in the transverse direction, not only at low but also at high flow velocities. Therefore, for 

transport of charged species in flow-through systems, a Nernst-Planck equation formally 

identical to Eq. 2 but considering the coefficients of hydrodynamic dispersion (Di), should be 

used: 

  Φln  i
i

iiiiiii C
RT

Fz
DCDCDJ 

 
(3) 

The governing equation for multicomponent ionic transport in saturated porous media is 

derived from a mass balance over a control volume and integrating the fluxes due to advection 

and multicomponent ionic dispersion. The Nernst-Planck based equation for reactive transport of 

charged species in a multidimensional domain reads as: 

  i
i i i

C
C r

t


   


v J   (4) 

where t is time, v is the seepage velocity vector,
 
Ji is the total multicomponent ionic 

dispersion flux and ri is the reactive source/sink term.  

2.1.2 COMSOL-PhreeqcRM coupling for multicomponent ionic transport 

Coupling solute transport models with geochemical simulators has contributed to major 

advances in our capability to understand and quantitatively describe subsurface systems (Barry et 

al., 2002; Thullner et al., 2005; Steefel et al., 2015; Li et al., 2017). Many modern codes have 

extensive capabilities and have been used to describe reactive transport in different applications 

of environmental modeling of subsurface systems. In particular, for problems of solute transport 

in saturated porous media, examples of established reactive transport simulators including 
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comprehensive features to describe geochemical and biogeochemical processes include 

CrunchFlow (Steefel & Lasaga, 1994), Geochemist’s Workbench (Bethke, 1997), MIN3P (e.g., 

Mayer et al., 2002; Molins et al., 2010), PHT3D (e.g., Prommer et al., 2003; Post & Prommer, 

2007; Appelo & Rolle, 2010), TOUGHREACT (Xu & Pruess, 2001) and PHAST (Parkhurst et 

al., 2004). In recent years, significant advances in the development of reactive transport codes 

have been favored by the increase of flexibility in coupling transport simulators with 

geochemical reactive codes. Notable examples are the modules IPhreeqc (Charlton & Parkhurst, 

2011) and PhreeqcRM (Parkhurst & Wissmeier, 2015) that have been released to favor the 

interface of the widely used geochemical package PHREEQC (Parkhurst & Appelo 2013) with 

other simulators (e.g., Kolditz et al., 2012; He et al., 2015; Korrani et al., 2015; Muniruzzaman 

& Rolle, 2016). Different initiatives have proposed to adopt the IPhreeqc and PhreeqcRM 

modules to use the PHREEQC capabilities as reaction engine for the multi-purpose finite 

element code COMSOL Multiphysics
®

 (e.g., Wissmeier & Barry, 2011; Nardi et al., 2014; Masi 

et al., 2017; Jara et al., 2017).      

Most of the simulators mentioned above are based on a Fickian description of 

diffusive/dispersive fluxes and only a few of them allow taking into account electromigration 

during transport of charged species (Steefel et al. 2015; Rasouli et al., 2015). In this work we 

develop a COMSOL-PhreeqcRM coupling, based on a Nernst-Planck formulation of 

conservative and reactive transport (Eqs. 1-4), allowing the description of physical displacement, 

Coulombic interactions and a wide range of geochemical reactions in multidimensional saturated 

porous media. The model is called NP-Phreeqc (Nernst-Planck-Phreeqc) and the coupling is 

performed with the LiveLink
TM

 for MATLAB
®

, a module developed by COMSOL 

Multiphysics
®

 for communication with other software. The main steps of the proposed approach 

are summarized in Figure 1. The flow in homogeneous and heterogeneous saturated porous 

media and the Nernst-Planck based equations are solved in COMSOL whereas the reactions are 

solved with PhreeqcRM. A sequential non-iterative operator splitting approach is used for the 

reactive transport problem. Such approach separates the transport and reactive processes into 

sequential transport and reaction steps. Contrary to previously proposed coupling schemes, this 

approach is not based on transport of chemical components but of all chemical species present in 

the pore water solution. This requirement is crucial for multicomponent ionic transport problems 

since species-dependent equations and parameters are necessary for the formulation of Nernst-

Planck equations when using an operator splitting approach. In the proposed Nernst-Planck 

based coupling the solution of the transport simulator is based on N+1 equations in N+1 

unknowns.  The N+1 equations are the governing transport equations for the N conservative 

species and the current balance equation. Under the assumption of electroneutrality, i.e.

0i ii
z C  , and no net electric current the latter equation can be written as: 

   0i ii
F z  J   (5) 

The N+1 unknowns are the concentrations of the N transported species and the electrostatic 

potential that is explicitly computed by solving Eq. 5. The system of equations can be solved by 

COMSOL as fully coupled, i.e. the equations are solved simultaneously or with a segregated 

approach. In this study we selected the segregated approach which is less memory intensive but 

requires smaller time steps to ensure convergence.     
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The main features of the proposed coupling approach that are implemented in the 

coupling scripts include: (i) definition of different aqueous solutions in different portions of the 

multidimensional COMSOL domain; (ii) automatic definition and update of boundary 

conditions; (iii) charge balance of all the charged species in solution to maintain electroneutrality 

in every point of the simulation domain; (iv) amendment of the concentrations after the transport 

step to avoid negative values that may occur in presence of sharp fronts; (v) flexibility to transfer 

different variables from PhreeqcRM calculation to COMSOL by use of the PHREEQC’s 

“selected_output” keyword. Besides the transfer of species’ concentrations, the latter feature is 

used to transfer the calculated activity coefficients from PhreeqcRM to COMSOL. This is done 

by means of a COMSOL dummy physics allowing to store the values of γi in the domain and to 

calculate the contributions to the multicomponent ionic diffusion and dispersive fluxes from the 

spatial gradients of the activity coefficients (Eq. 2 and Eq. 3). The length of the coupling step is 

set by the user depending on the problem under examination, whereas the internal time stepping 

for transport and reactions are automatically selected by COMSOL and PhreeqcRM to fulfill 

convergence. The selection of a small time step for the coupling between the two codes is 

recommended to minimize the operator-splitting error. In the presence of sharp concentration 

fronts small negative values might occur in some nodes of the domain at the end of the transport 

step. As suggested in previous studies adopting an operator splitting approach to couple transport 

and geochemical codes (e.g., Wissmeier and Barry, 2011; Nardi et al., 2014; Parkhurst and 

Wissmeier, 2015), an amendment is required to correct for possible negative concentrations at 

the end of the transport step. The amendment (point (iv) above) implemented in NP-Phreeqc is 

carried out by setting the negative concentrations to the values in such nodes at the previous time 

step.     

 

Figure 1. Schematic flow chart of the proposed COMSOL-PhreeqcRM coupling for Nernst-

Planck based transport of charged species. 

2.2 Multidimensional setups: benchmarks and flow-through experiments 

Simulations of multicomponent ionic transport with the proposed coupling scheme, based 

on the Nernst-Planck description of diffusive/dispersive fluxes, are tested in different setups. The 

outcomes are benchmarked against analytical solutions, numerical simulations, and high-

resolution experimental datasets of multicomponent ionic transport under flow-through 

conditions. A schematic representation of the considered 1-D, 2-D and 3-D domains is provided 

in Figure 2. 
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Figure 2. Setups considered for multicomponent ionic transport: (a) 1-D column; (b) 2-D 

homogeneous medium; (c) 2-D heterogeneous medium; (d) 3-D homogeneous medium.  

1-D simulations of multicomponent diffusion of ionic admixtures in pure water have been 

performed and compared with analogous simulations with PHREEQC. This initial test allowed 

us to directly assess the capability of the coupling and, in particular, the impact of the ionic 

strength, activity coefficients and their spatial gradients on the multicomponent ionic fluxes. 

In 2-D setups the capabilities of the proposed modeling approach are compared with 

experimental data from the study of Coulombic interactions during advection-dominated 

transport of charged species in saturated porous media. First, we consider transport of acidic 

plumes in a quasi two-dimensional flow-through setup filled with a homogeneous porous 

medium. Acidic plumes are continuously injected at the bottom of the inlet boundary and 

deionized water was injected from the remaining inlet ports (Figure 2b). HCl plumes (pH~4) in 

different solutions with MgCl2 were used to test the effect of electrochemical cross coupling on 

the migration of diffusive/dispersive pH fronts. Details on the flow-through experiments are 

given by Muniruzzaman and Rolle (2015). A similar scenario with the same geometry and 

boundary conditions is considered for transport of H2SO4 in solution with MgSO4. This problem 

was selected to assess the importance of aqueous speciation reactions, the formation of aqueous 

complexes and the transport of all primary and secondary species in multicomponent ionic 

transport. No experimental dataset is available for this scenario and the 2-D steady-state results 

are compared with the outcomes of 1-D transient multicomponent ionic dispersion simulations 

with PHREEQC.     

Two-dimensional simulations are also performed in heterogeneous porous media. The 

considered experimental setup is depicted in Figure 2c and a detailed description was presented 

in a previous study (Muniruzzaman et al., 2014). Two high-permeability inclusions with coarse 

grain size are embedded in the porous matrix and cause flow focusing and enhanced mixing 

between the plume and the surrounding solution (Werth et al., 2006; Rolle et al., 2009). In a first 

experiment, a NaCl plume was continuously injected from the center of the inlet boundary 

whereas deionized water was injected from the surrounding inlet ports. A second experiment was 

performed by injecting a MgCl2 plume in a NaBr background electrolyte solution. The high-

resolution measurements (5 mm spacing) of cations and anions at the outlet are used to test the 
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performance of the proposed NP-Phreeqc model for multicomponent transport in heterogeneous  

porous media.   

We also investigate multicomponent ionic transport in 3-D setups. First, we compare the  

Nernst-Planck based approach for a strong 1:1 electrolyte with an analytical solution for an  

uncharged species. To this end, we consider continuous injection of a NaCl plume in pure water  

in a three-dimensional flow-through domain. Furthermore, new experiments have been  

performed in this study to explore and document multicomponent ionic transport in fully three- 

dimensional porous media. The 3-D experimental setup was described in previous studies of  

tracer transport in homogeneous, heterogeneous isotropic and anisotropic porous media (Ye et  

al., 2015a-c). Therefore, here we only briefly summarize the main features of the setup and of the  

experiments that we performed. The flow-through experiments are carried out in a three- 

dimensional flow-through chamber with inner dimensions of 30 cm × 10 cm × 7.7 cm (Figure  

2d). The chamber is made of acrylic glass and has 25 equally spaced (1.54 cm spacing) injection  

ports at the inlet and 49 equally spaced (1.1 cm spacing) extraction ports at the outlet. Syringe  

needles piercing rubber septa are used to inject and extract the pore water solutions at the inlet  

and outlet ports. High-precision peristaltic pumps with 24 channels (Ismatec, Glattbrugg,  

Switzerland) are used to establish steady-state flow conditions. Homogeneous quartz sand  

(Euroquarz, Germany) with grain diameter of 1.0−1.5 mm was used as porous medium. The sand  

was filled following a wet-packing procedure using ultrapure Milli-Q water (Labostar 1-DI,  

Evoqua, USA) to avoid air entrapment in the porous medium (Haberer et al., 2012). The porosity  

of the packed medium was 0.4. The experiments were performed at an average flow velocity of  

0.5 m/day. After establishing steady-state flow conditions, a solution of magnesium chloride  

(0.30 mM) was injected through the central inlet port and, in two different experiments, either  

Milli-Q water or a solution of NaBr (1.70 mM) were injected from the surrounding inlet ports.  

To ensure the achievement of steady-state transport conditions, we flushed three pore volumes  

before starting sampling. Samples were collected at the 49 extraction ports at the outlet (7×7  

array) and the ion concentrations were measured with ion-chromatography for the anions  

(Dionex ICS-1500, Thermo Scientific, USA) and with ICP-MS (Agilent 7700 Series, Agilent  

Technologies, Japan) for the cations.  

Finally, we tested the capability of the coupled model to simulate 3-D reactive transport.  

To this end, we considered a column setup in which advection, multicomponent ionic dispersion  

and ion exchange take place. The chemistry of the problem is analogous to the one described in  

the example 11 of the PHREEQC-3 manual (Parkhurst & Appelo, 2013) and entails an  

exchanger column initially in equilibrium with a solution containing sodium and potassium  

nitrate, flushed by a calcium chloride solution. The transport and ion exchange problem is  

resolved considering its full three dimensional representation, by solving Eq. 4 with the proposed  

NP-Phreeqc model. The outcomes are compared with the solution of the same problem in 1-D  

using PHREEQC.    

Table 1 provides an overview of the problems selected to illustrate the proposed  

modeling approach. The table includes the description of the key features of each problem and  

the relative benchmarks that are based on modeling and/or experimental datasets.  
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Table 1. Overview of Nernst-Planck based transport simulations with the proposed COMSOL- 

PhreeqcRM coupling and relative benchmarks.  

Problem  Description and key features Benchmark 

1-D multicomponent ionic 

diffusion 

- Diffusion of an electrolyte mixture in pure 

water at different concentrations  

- Evaluation of the impact of the flux 

contribution due to the gradient of activity 

coefficients 

1-D diffusion 

simulations with 

PHREEQC 

2-D multicomponent ionic 

dispersion in 

homogeneous setup 

- Flow-through transport of a HCl plume in 

different ionic admixtures: impact of charge 

interactions on pH front propagation 

- Flow-through transport of a H2SO4 plume in a 

MgSO4 ionic admixture: impact of speciation 

and aqueous complexes 

2-D Experimental 

dataseta 

 

1-D transient dispersion 

simulations with 

PHREEQC 

2-D multicomponent ionic 

dispersion in 

heterogeneous setup 

- Flow-through transport of a NaCl plume in 

Milli-Q water and of a MgCl2 plume in a NaBr 

background solution in a spatially variable flow 

field  

2-D Experimental 

datasetb 

 

3-D multicomponent ionic 

transport 

- Comparison with an analytical solution to 

verify the computation of Coulombic 

interactions in three dimensions for transport of 

a NaCl plume in pure water  

- Flow-through transport of a MgCl2 plume in 

Milli-Q water and in a NaBr background 

solution 

3-D analytical solution 

 

 

 

3-D flow-through 

experiments 

3-D multicomponent ionic 

transport and ion 

exchange 

- Example of reactive transport in a three-

dimensional domain  

1-D simulations with 

PHREEQC 

aMuniruzzaman & Rolle (2015); bMuniruzzaman et al. (2014)  

  

3 Results and Discussion  

3.1 1-D multicomponent ionic diffusion  

A one-dimensional problem of multicomponent ionic diffusion is considered to test the  

proposed NP-Phreeqc model and to compare its outcomes with PHREEQC simulations. A 12 cm  

long column (Figure 2a) is initially occupied for the left half by a solution containing HCl and  

MgCl2 (source zone) whereas the remaining portion of the domain contains pure water. During  

the simulation the ions diffuse from the source zone to the remaining part of the domain due to  

their electrochemical potential gradients. Two different scenarios with dilute and more  

concentrated solutions in the initial source are considered (Table 2). The table also reports the  

values of aqueous diffusion coefficients. For this example and throughout this work we consider  

the Daq values for major cations and anions reported by Lasaga (1998) at T=18 ˚C and corrected  

for temperature and viscosity at T=20 ˚C. The latter is the temperature at which the flow-through  

experiments illustrated in the next sections have been performed. The diffusivities of aqueous  

complexes have been calculated from the limiting molar conductivities with the Nernst-Einstein  

relationship and using Kohlrausch’s law to estimate the conductivity values (Lide, 2005). The  
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standard values obtained were also corrected for temperature and viscosity to determine the  

aqueous diffusivities of complexes at T=20 ˚C.  

Table 2. 1-D multicomponent ionic diffusion   

Setup geometry and parameters  

Length of the 1-D setup [cm] 12 

Number of elements in NP-Phreeqc 12000 

Source solution (Scenario 1 / Scenario 2):  

HCl [mM] 0.1 / 0.1 

MgCl2  [mM] 1 / 100 

Diffusion coefficients at T=20 ºC Daq [m2/s] 

H+ 8.65×10-9 

Mg2+ 0.63×10-9 

Cl- 1.81×10-9 

  

During the simulation, the species in the ionic admixtures diffuse from left to right. Their  

diffusive displacement depends not only on the aqueous diffusivities of the ions at liberated  

states but also on the Coulombic interactions between the different charged species in solution.  

The results after 12 hours of simulation are illustrated in Figure 3.        

  

Figure 3. Spatial profiles of ions’ concentrations and activity coefficients for 1-D diffusion of a  

MgCl2 and HCl solution in pure water at low (I=0.0031 M) (a-c) and high (I=0.303 M) (d-f)  

ionic strength.   

The major cations and anions (Mg
2+

 and Cl
-
), present in excess compared to H

+
 in the  

initial source solution, undergo a similar displacement as shown by the shape of their diffusive  

profiles (Figure 3a and 3d). The H
+
 ions (Figure 3b and 3e) show a more spread concentration  

profile that is clearly influenced by the interaction with the other ions in the domain, particularly  

in the right portion where such interactions lead to the formation of a peak in the protons’  

concentration profiles. Figure 3 (c and f) also shows the values of the activity coefficients of the  

different ions. Their computation is performed with the expressions implemented in the  

PHREEQC database (phreeqc.dat): the Trusedell and Jones equation for Mg
2+

 and Cl
-
 and the  
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Debye-Hückel equation for H
+
, respectively (Appelo and Postma, 2005). The results show an  

increasing trend of γi in the direction of the diffusive flux, from the source to the pure water  

solution. Larger values and smaller gradients of γi are obtained in the dilute scenario with lower  

ionic strength (Figure 3c).   

The inspection of the fluxes allows understanding and visualizing the influence of the  

ions’ interactions in the solution. As described in Eq. 2, the three main components that affect  

the total diffusive displacement of each ion are: the purely diffusive flux, the activity gradient  

flux and the electromigration flux:  

 
MigActDifTot

iiii
JJJJ 

 
(6) 

  

  

Figure 4. Flux contributions for the 1-D multicomponent diffusion problems: spatial profiles  

after 12 hours of simulation for the case at low ionic strength (a-c) and at high ionic strength (d- 

e).   

      

The results for the two scenarios are shown in Figure 4. The different flux components  

have distinct contributions to the displacement of the different ions. For instance the  

electromigration contribution is positive for Mg
2+

 but negative for Cl
-
. The displacement of the  

former is thus enhanced through the Coulombic interactions, whereas the chloride displacement  

is reduced by the coupling with magnesium. The contribution of the activity gradient flux is  

negative for all ions: its effect is small in the scenario with dilute solution (Figure 4 a-c), but  

becomes more relevant in the case at high ionic strength (Figure 4 d-f). Particularly interesting  

are the flux contributions for the hydrogen ions. For most of the column length both the diffusive  

and the electromigration fluxes show a positive contribution that enhances the displacement of  

H
+
. However, towards the right boundary of the column setup,

 
Mig

H
J   decreases and becomes  

negative (Figures 4c and 4f). This happens because in this outer fringe zone of the domain, the  

other two ions (Mg
2+

 and Cl
-
) are present only in trace amounts, similar to the concentration of  
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H
+
. This results in a coupling between the displacement of protons and chloride causing a  

reduction of the total diffusive flux of H
+
.    

3.2 Multicomponent ionic transport in 2-D homogeneous porous media  

3.2.1 Transport of acidic plumes: propagation of pH fronts  

As illustrative examples of multidimensional transport and Coulombic interactions in  

flow-through systems we consider the experimental scenarios studied by Muniruzzaman and  

Rolle (2015). The setup and boundary conditions are schematically illustrated in Figure 2c and  

an overview of the parameters from the experiments and used in the multicomponent transport  

simulations are summarized in Table 3. The chemistry of the problem is analogous to the 1-D  

setup illustrated above, consisting of an HCl plume in solutions with different concentrations of  

MgCl2 (CH+/CMg2+~1 and CH+/CMg2+~0.01, respectively) continuously injected at the bottom of  

the flow-through chamber.   

Table 3. Multicomponent ionic transport of acidic plumes in 2-D flow-through setups.  

Experimental settings  

Flow-through domain (L×H) [cm] 100×12 

Source thickness [cm] 4 

Number of elements in 2-D NP-Phreeqc 19782 

Grain diameter of the porous matrix, d [mm] 1.00-1.50 

Hydraulic conductivity, K [m/s] 1.27×10-2 

Average horizontal flow velocity, v [m/day] 0.8 

Average porosity, n [-] 0.41 

Transport of HCl and MgCl2 admixtures 

 Experimental Scenario 1 Experimental Scenario 2 

pH 3.8 4.1 

CMg2+ [mM] 0.15 12 

CCl- [mM] 0.46 24.1 

CH+/CMg2+ [-] 1.14 0.007 

Transport of H2SO4 and MgSO4 admixture 

pH 4 

CMg2+ [mM] 12.00 

CSO42- [mM] 12.08 

Diffusion/dispersion coefficients at T=20 ºC Daq [m2/s] DL [m2/s] DT [m2/s] 

H+ 8.65×10-9 9.33×10-9 4.47×10-9 

Mg2+ 0.63×10-9 6.05×10-9 1.14×10-9 

Cl- 1.81×10-9 6.53×10-9 1.65×10-9 

SO4
2- 0.96×10-9 6.18×10-9 1.29×10-9 

HSO4
- 1.25×10-9 6.30×10-9 1.41×10-9 

MgOH+ 0.81×10-9 6.12×10-9 1.22×10-9 

MgSO4 0.40×10-9 5.95×10-9 1.02×10-9 

OH- 4.76×10-9 7.74×10-9 2.87×10-9 

 

The experiments were performed under advection-dominated conditions, thus a Nernst- 

Planck description of the dispersive fluxes (Eq. 3) is necessary to describe transport and  

interactions between the charged species. To this end, an accurate parameterization of local  
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hydrodynamic dispersion is required. In this study we use the empirical correlations obtained 

from a number of flow-through experiments performed to accurately characterize longitudinal 

(Guedes de Carvalho & Delgado, 2005; Delgado, 2006) and transverse (Chiogna et al., 2010; 

Rolle et al., 2012) dispersion coefficients in granular porous media: 

  vdDD P

i

L

i
2

1


 
(7) 
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where aq

iD  is the aqueous diffusion coefficient, P

iD
 
is the pore diffusion coefficient 

taking into account that the aqueous diffusivity is reduced due to the tortuosity of the porous 

medium and approximated as P aq

i iD nD ,
 
d is the average grain size diameter of the granular 

packing used in the experiments and aq

ii DvdPe /  is the grain Péclet number of species i and v is 

the seepage velocity component along the main flow direction. δ denotes the ratio between the 

length of a pore channel to its hydraulic radius and β is an empirical exponent that accounts for 

the effect of incomplete mixing in the pore channels. The values δ=6.2 and β=0.5 were 

determined in previous experimental and pore-scale modeling studies (Rolle et al., 2012; 

Hochstetler et al., 2013). Since transport of the acidic plumes is studied under steady-state 

conditions, the transverse dispersion coefficient (Eq. 8) and the coupling between transverse 

dispersive fluxes of the different charged species, control their displacement in the porous 

medium and, thus, the ions’ concentrations measured at the outlet ports. The longitudinal 

dispersion coefficient is less important for this problem since, under continuous injection and 

steady-state transport, the concentration gradients along the flow direction are very small and the 

contribution of the longitudinal dispersion fluxes can be safely neglected (Cirpka et al., 2011 and 

2015).    

The outcomes of the simulations and the comparison with the experimental results are 

illustrated in Figure 5. The panels on the left show the computed 2-D distribution of the different 

ionic species in the flow-through domain. The panels on the right show the spatial profiles at the 

outlet. The different ionic admixtures remarkably influence the lateral propagation of the pH 

fronts. In the scenario with small MgCl2 concentrations (CH+/CMg2+~1) the different ions show a 

distinct pattern of transverse displacement with spreading of the common anion Cl
-
 larger than 

the one of Mg
2+

 and smaller than H
+
. In the case with higher MgCl2 concentrations 

(CH+/CMg2+~0.01) the major cation and anion (Mg
2+

 and Cl
-
) show an almost overlapping profile, 

whereas the profile of H
+
 is significantly more spread and, thus, the lateral propagation of the pH 

plume is enhanced compared to the previous scenario. The Nernst-Planck description of the 

dispersive fluxes implemented with the proposed NP-Phreeqc model shows an excellent 

agreement with the high-resolution experimental data. The modeling outcomes are the results of 

purely forward simulations performed with the data provided in Table 3 and without any fitting 

parameter.      
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Figure 5. 2-D maps of ion concentrations and measured vs. simulated concentration and pH 

profiles at the outlet of the flow-through setups for the cases CH+/CMg2+~1 (a-e) and 

CH+/CMg2+~0.01 (f-j). 

 

3.2.2 Transport of acidic plumes: the effect of speciation and aqueous complexes 

Another example of transport of acidic plumes considered in this study is the continuous 

release of an H2SO4 and MgSO4 admixture. The geometry and boundary conditions are the same 

as those for transport of HCl and MgCl2 described in the previous section, but now the H2SO4 

plume was selected to illustrate the effects of aqueous speciation and ion complexes. No 

experimental data are available for this transport problem to assess the performance of the NP-

Phreeqc simulations. However, the 2-D multicomponent ionic simulations are benchmarked with 

an equivalent 1-D problem solved with PHREEQC. In fact, in a uniform flow field and 

neglecting the contribution of the longitudinal dispersive term, the governing steady-state 

transport equation in 2-D is analogous to a 1-D transient dispersive problem (Maier & 

Grathwohl, 2006; Van Breukelen & Rolle, 2012). The parameters for the 1D and 2D setups are 

reported in Table 3. Contrary to the case of HCl transport in MgCl2 solution where aqueous 

speciation was dominated by the free ions, for transport of an admixture of H2SO4 and MgSO4, 

the formation of ion complexes plays an important role. Solute species that are quantitatively 

relevant for this problem include HSO4
-
, MgSO4 and MgOH

+
. Thus, for this problem it is 

particularly important to transport all the species as done by PHREEQC for 1-D transport and by 

the proposed COMSOL-PhreeqcRM coupling for multidimensional problems. The comparison 

between the two codes, including the different transported species, is reported in Figure 6a. The 

results show a very good match between the 1-D and 2-D simulations of multicomponent ionic 

transport for both free ions and aqueous complexes. Figure 6b shows two-dimensional 

representations of the distinct terms of the Nernst-Planck fluxes, which are formally identical to 

Eq. 5, but consider the contribution of transverse hydrodynamic dispersion in the flow-through 

setup: 
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(8) 

The distinct plots (Figure 6b) allow visualizing the different flux contributions for sulfate 

transport. It is interesting to notice that J
Act

 has a relevant negative impact to the overall 

dispersive flux. In fact, due to the importance of aqueous complexation, the activity coefficients’ 

gradients are particularly steep at the fringe of the plume, where the plume’s electrolyte solution 

mixes with the surrounding pure water.  

 

Figure 6. Multicomponent ionic transport of a H2SO4 and MgSO4 admixture in a 2-D flow-

through setup. Comparison of 2-D NP-Phreeqc steady-state simulations (lines) with 1-D transient 

PHREEQC simulations (symbols) (a). Spatial maps of the transverse dispersive fluxes of sulfate 

(b); in the computation of the flux contributions the direction from the plume core to the plume 

fringe (i.e., from high to low concentration values) is considered positive. 

 

3.3 Multicomponent ionic transport in 2-D heterogeneous porous media 

To test the capability of the proposed approach to simulate multicomponent ionic 

transport in non-uniform flows we considered a flow-through experiment performed in a 

previous study (Muniruzzaman et al., 2014). Figure 2c illustrates the experimental setup which 

has the same dimensions and geometry of the system described in the previous section. A 

heterogeneous porous medium was obtained by embedding two high-permeability inclusions 

made with coarse grain sizes (d=2.00-2.50 mm, K=4.12×10
-2

 m/s) in a matrix of finer material 

(d=1.00-1.50 mm, K=1.27×10
-2

 m/s). The inclusions were 20 cm long and 1 cm thick and were 

placed 70 cm from the inlet and 1.5 cm from the plume’s centerline. Dilute solutions of salt 

plumes were injected from the two central inlet ports whereas Milli-Q water or background 

electrolyte solutions were continuously injected from the surrounding 22 inlet ports. A first 

experiment was performed by injecting a NaCl plume (0.8 mM) in Milli-Q water. The plume 

was transported in the heterogeneous flow field, and measurements were taken at the outlet ports. 

The outcomes of this experiment are reported in Figure 7a. The vertical profiles show a clearly 

non-Gaussian shape with peak concentrations showing a lower transverse spreading, whereas the 

lower concentrations are remarkably more spread due to the enhanced mixing through flow-

focusing in the high-permeability inclusions. Despite the diffusivity of chloride ( aq

ClD =1.81×10
-9

 

m
2
/s at 20 ºC) is significantly higher than the one of sodium ( aq

NaD =1.20×10
-9

 m
2
/s at 20 ºC), the 

displacement of the ions in the flow-through system is coupled and the experimental data show 

an analogous pattern for Na
+
 and Cl

-
. The outcomes of the multicomponent ionic simulations in 
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the heterogeneous setup performed with NP-Phreeqc allow reproducing the observed behavior 

and yield identical profiles of sodium and chloride. A second experiment was performed 

injecting a MgCl2 plume (0.44 mM) in a background solution of NaBr (1.70 mM). In these 

conditions a clear separation between the profiles of Mg
2+

 and Cl
-
 was observed. Such behavior 

depends on the higher concentration of the background electrolyte ions that ensure the 

fulfillment of the electroneutrality constraint and allow a distinct displacement of the plume ions. 

In fact, Mg
2+

 and Cl
-
 displace almost at their liberated state, with their specific 

diffusive/dispersive properties. Also in this case the outcomes of the purely forward NP-Phreeqc 

simulations yields satisfactory results and show a clear separation of the plume cations and 

anions as observed in the flow-through experiments.    

 

Figure 7. Transverse concentration profiles at the outlet of the 2-D heterogeneous setup for 

transport of NaCl in Milli-Q water (a) and MgCl2 in a NaBr background solution (b). Maps of 

the different contributions of the multicomponent ionic transverse dispersive fluxes for transport 

of NaCl in Milli-Q water (c-j). The direction from the plume core to the plume fringe is 

considered positive for the computed fluxes. 

Figure 7 also shows the maps of the transverse dispersive fluxes in the 2-D heterogeneous 

domain for the case of continuous injection of the 1:1 electrolyte plume (NaCl). The total 

dispersive fluxes of sodium and chloride are the same and show high values close to the inlet and 

in the high-permeability inclusions where the flow is focused and lateral mixing is enhanced. 

However, the components of the total dispersive flux are different. In fact, whereas the 

dispersive flux of sodium is enhanced by the coupling with chloride as shown by its positive 

electromigration contribution, the displacement of Cl
-
 is limited by the electrostatic coupling 

with Na
+
 (i.e., negative electromigration contribution for chloride). Notice that, differently from 

the example illustrated in Figure 6, for this scenario the dispersive flux term due to the gradient 

of the activity coefficients has a smaller contribution compared to the other flux components.  
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3.4 Conservative and reactive multicomponent ionic transport in 3-D setups 

3.4.1 3-D Analytical solution and numerical simulation of NaCl transport 

Analytical solutions for groundwater solute transport problems are available for different 

geometries and boundary conditions (e.g., Van Genuchten et al., 1991; Leij et al., 2013) and are 

important for benchmarking numerical codes. Here we compare the Nernst-Planck based 

formulation for charged species transport with an analytical solution for a fully three dimensional 

problem. We consider a 3-D domain representative of the flow-through setup illustrated in 

Figure 2d. A conservative tracer with concentration C0 is continuously released from a 

rectangular source of width Y and thickness Z, whereas pure water is injected from the remaining 

portion of the inlet boundary: 

The analytical solution of the three-dimensional, steady-state transport problem reads as 

(Domenico and Palciauskas, 1982):  

The numerical simulation of multicomponent ionic transport is performed for the 

continuous release of a single 1:1 electrolyte (NaCl) in pure ambient water in the same 3-D 

setup. Under these conditions, the electrostatic interactions couple the displacement of the cation 

(Na
+
) and the anion (Cl

-
) and lead to an identical movement of the two species. Thus, although 

the salt (NaCl) fully ionizes in the aqueous solution and the two ions (Na
+
 and Cl

-
) have different 

mobilities, they travel as a single species due to the electromigration coupling to maintain 

electroneutrality. Hence, for this particular case, the diffusion (and hydrodynamic dispersion) of 

these two ions can be characterized by a single coefficient of the virtual salt species (e.g., 

Cussler, 2009): 

aq

NaCl

aq

ClNa

ClNa

NaCl
DzDz

zz
D










 

(11) 

where DNaCl is the combined diffusion coefficient of the electrolyte. Na
z , Cl

z
 
and

aq

Na
D  , 

aq

Cl
D   

are the charge and the aqueous diffusion coefficients of Na
+
 and Cl

-
, respectively. The value 

for DNaCl at 20 ºC is obtained from those of the free ions (Eq. 11) and is equal to 1.44×10
-9

 m
2
/s. 

For this case of transport of a strong electrolyte in pure water, the electrostatic ionic interactions 

reduce the multicomponent ionic transport problem to a single-species conservative transport 

problem. Thus, in this case, the outcomes of the 3-D multicomponent ionic transport numerical 
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model can be directly compared with the results of the 3-D analytical solution (Eq. 9). Both 

numerical and analytical models simulate transport in a flow-through system with a seepage 

velocity of 0.5 m/day and considering continuous release from a square source (Y=Z=1 cm). In 

the numerical model the 3-D domain (30 cm × 8 cm × 8 cm) was discretized into 209265 

elements. The hydrodynamic dispersion coefficients used as input for the analytical and 

numerical simulations are computed according to Eqs. 6-7. The value of D
T
 for the virtual salt 

species as conservative tracer in the analytical solution are calculated using the salt diffusion 

coefficient (Eq. 11). In the NP-Phreeqc model, instead, the self-diffusion coefficients of the 

individual ions are used as input values and the hydrodynamic dispersion coefficients are 

computed (Eqs. 6-7) for the cation and anion at liberated state. The dispersive fluxes of Na
+
 and 

Cl
-
 are coupled in the multicomponent ionic formulation of the numerical model (Eq. 3 and Eq. 

4). The results of the 3-D simulations and the comparison between the analytical solution and the 

multicomponent ionic transport model are reported in Figure 8. The steady-state plume and the 

opposite electromigration fluxes for Na
+
 and Cl

-
 computed in the three-dimensional setup with 

the numerical model are shown in Figure 8a-c. The comparison between the analytical solution 

and the numerical model is reported as cross sectional map (Figure 7d), as well as vertical 

(Figure 7e) and horizontal (Figure 7f) profiles at the outlet. Such comparison shows a very good 

match between the analytical solution and the numerical multicomponent ionic transport 

simulation of a strong electrolyte in pure water in the fully 3-D domain.   

 

Figure 8. Comparison of analytical solution and Nernst-Planck based ionic transport of NaCl in 

a 3-D setup. 3-D maps of the computed Na
+
 plume (a) and transverse electromigration fluxes 

(considered positive in the direction from the core to the fringe of the plume) for the coupled Na
+
 

and Cl
-
 ions (b and c). Comparison between the analytical solution and the multicomponent ionic 

transport model at the outlet: 2-D visualization (d), vertical (e) and horizontal (f) profiles. 
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3.4.2 3-D flow-through experiments 

Flow-through experiments are performed in this study to investigate the effects of 

multicomponent ionic dispersion during transport of charged species in fully three-dimensional 

setups. Details about the experimental setup are summarized in Table 4.  

Table 4. Multicomponent ionic transport experiments in a 3-D flow-through setup. 

Experimental settings and hydraulic properties Value 

Flow-through chamber inner dimensions (L×H×W) [cm] 30×10×7.7 

Source dimensions (Hs×Ws) [cm]  1.54×1.54 

Grain diameter of the porous matrix, d [mm] 1.00-1.50 

Hydraulic conductivity, K [m/s] 1.27×10-2 

Average horizontal flow velocity, v [m/day] 0.5 

Average porosity, n [-] 0.41 

Transport experiments  

 Experiment 1 Experiment 2 

Plume MgCl2 0.30 mM MgCl2 0.30 mM 

Background solution Milli-Q water NaBr 1.70 mM 

Diffusion/dispersion coefficients at T=20 ºC Daq [m2/s] DL [m2/s] DT [m2/s] 

Na+ 1.20×10-9 4.11×10-9 1.06×10-9 

Mg2+ 0.63×10-9 3.88×10-9 0.82×10-9 

Cl- 1.81×10-9 4.36×10-9 1.31×10-9 

Br- 1.86×10-9 4.38×10-9 1.34×10-9 

Two experiments are performed in the 3-D system with continuous injection from an 

inlet port of a MgCl2 solution in Milli-Q water and in a background electrolyte solution of NaBr, 

respectively. Samples are collected at the outlet of the setup where the steady-state plumes are 

mapped at high spatial resolution (1.1 cm spacing) over a 2-D cross section. Measurements of 

the different ionic species are visualized as horizontal and vertical profiles through the central 

axis of the plume at the outlet cross section (Figure 9). A remarkable difference can be observed 

between the two flow-through experiments. A strong coupling between the plume cations and 

anions occurs when MgCl2 is released in Milli-Q water (Figure 9a). Mg
2+

 and Cl
-
 undergo a 

similar displacement, despite the aqueous diffusion coefficient of chloride is approximately three 

times larger than the one of magnesium. In the experiments with release of a MgCl2 plume in the 

background electrolyte solution, instead, the plume cations and anions are less affected by the 

electrostatic coupling and they travel with hydrodynamic dispersion coefficients close to their 

liberated state. Therefore, their lateral displacement is different, with more spread horizontal and 

vertical profiles at the outlet for chloride due to its larger diffusion/dispersion coefficient. Such 

differences are remarkable despite the short length of the setup (L=30 cm). In fact, as shown in a 

recent comparison of solute transport in 2-D and 3-D systems (Ye et al., 2015a), in fully three-

dimensional domains the role of diffusion and compound-specific hydrodynamic dispersion is 

more relevant since these processes can act through the large material surface of three-

dimensional plumes. The simulations with the proposed multicomponent ionic transport model 

are able to capture the observed displacement of the ions in the 3-D flow-through setup.         
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Figure 9. Measured and simulated horizontal and vertical profiles for the 3-D flow-through 

experiments: MgCl2 in Milli-Q water (a-d) and MgCl2 in NaBr solution (e-h).   

 

Based on the 3-D simulations it is also possible to visualize the electromigration 

contribution to the Nernst-Planck hydrodynamic dispersive fluxes of the different ions during the 

two experiments. Figure 10 shows the results for the case of MgCl2 transport in Milli-Q water 

(panels a1 and b1) and in NaBr solutions (panels a2, b2, c2 and d2). In both cases the 

electromigration term has a positive contribution to the displacement of magnesium and a 

negative contribution to the displacement of chloride. However, the magnitude of the 

electromigration fluxes is quite different in the two cases. In fact, when Mg
2+

 and Cl
-
 displace in 

Milli-Q water, their movement is coupled by the electromigration component which appears to 

be present in the whole domain at the fringe of the 3-D plume. When the same ions are 

transported in presence of higher concentration of background ions (Na
+
 and Br

-
), the latter 

counterbalance the charge differences and have a strong electromigration component whereas the 

coupling between Mg
2+

 and Cl
-
 is almost suppressed and these plume ions can undergo a 

practically independent lateral displacement in the 3-D setup, resulting in the different profiles 

measured at the outlet of the flow-through chamber (Figure 9).  

 

This article is protected by copyright. All rights reserved.



21 

 

 

Figure 10. 3-D maps of the transverse electromigration fluxes computed for the two 

experiments: (i) transport of MgCl2 in Milli-Q water (a1 and b1) and (ii) transport of MgCl2 in 

NaBr solution (a2, b2, c2 and d2). The direction from the plume core to the plume fringe is 

considered positive for the computed fluxes. 

3.4.3 Multicomponent ionic transport and ion exchange 

As an example of multicomponent ionic displacement and reactive transport we consider 

a problem of ion exchange in a flow-through system under diffusion-dominated conditions, with 

a low seepage velocity (v = 0.024 m/day). The chemistry of the problem is the same as described 

in the example problem 11 of the PHREEQC-3 manual (Parkhurst & Appelo, 2013). The 12 cm 

long exchanger column with CEC= 0.0011 eq/L is initially in equilibrium with a solution of 

NaNO3 (1 mM) and KNO3 (0.2 mM) and is continuously flushed with a CaCl2 solution (0.6 

mM). As in the previous benchmarks, the species-specific aqueous diffusion coefficients are 

considered and the hydrodynamic dispersion coefficients are calculated according to Eqs. 6-7. 

The values of these parameters are reported in Table 5 together with the geometry and 

parameters of the column setup.  

Table 5. Ion exchange in a column setup. 

Setup geometry and parameters  

Length of the column [cm] 12 

Diameter of the column [cm] 2 

Number of elements in 3-D NP-Phreeqc 2400 

Grain diameter of the porous matrix, d [mm] 0.1 

Average flow velocity, v [m/day] 0.024 

Average porosity, n [-] 0.4 

Cation Exchange Capacity, CEC [eq/L] 0.0011 

Displacing solution:  

CaCl2  [mM] 0.6 

Initial solution:  

NaNO3  [mM] 1 
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Diffusion/dispersion coefficients at T=20 ºC Daq [m2/s] DL [m2/s] DT [m2/s] 

Na+ 1.20×10-9 0.63×10-9 0.51×10-9 

K+ 1.77×10-9 0.86×10-9 0.75×10-9 
Ca

2+
 0.71×10

-9 0.43×10
-9 0.31×10

-9
 

NO3
- 1.70×10-9 0.84×10-9 0.51×10-9 

Cl- 1.81×10-9 0.88×10-9 0.77×10-9 

 

The multicomponent ionic transport and ion exchange in the column are simulated as 1-D 

system using PHREEQC as well as a fully 3-D setup with the proposed COMSOL-PhreeqcRM 

coupling. In the latter case, the exchanger column was simulated assuming a diameter of 2 cm 

and using 2400 elements to discretize the three-dimensional domain. The 3-D NP-Phreeqc model 

solves Eq. 4 for the three-dimensional transport and the ion exchange problem. Figure 11a shows 

the breakthrough curves of the different ionic species at the outlet of the exchange column. The 

breakthrough profiles are determined by the exchange reactions and by multicomponent ionic 

transport. The equilibrium reactions between the dissolved ions and the exchanger determine the 

sequence of ions’ breakthrough curves observed in the effluent. Among the cations, sodium is 

the one that exchanges more weakly and is the first to be eluted, followed by potassium and 

finally by calcium. The effects of charge interactions during transport of the different ions is 

particularly visible in the chloride breakthrough curve, which does not have the smooth shape 

expected for a charge neutral conservative tracer. In particular at later times, when chloride is the 

only dissolved anion, its profile is influenced by the charge interactions with the other species in 

solution. Such effect is particularly remarkable after ~1.9 PVs when the breakthrough of Ca
2+

 

occurs and the concentration of Cl
-
 increases to fulfill the charge balance. The 1-D PHREEQC 

and 3-D NP-Phreeqc simulations show a very good agreement, which validates the proposed 

Nernst-Planck based coupling for a fully three-dimensional transient reactive transport problem. 

Figure 11b shows maps of the components of the longitudinal dispersive fluxes in the 3-D 

column after 1.5 PVs. The plots highlight the uphill dispersion of chloride that can be observed 

as a peak of concentration higher than the injected value. This uphill peak of chloride appears at 

the column outlet after flushing approximately two pore volumes. Such behavior is induced by 

the coupling of Cl
-
 with the cations (K

+
 and Ca

2+
) which are released from the exchanger to the 

pore water. This can also be explained with the surprisingly higher magnitude (comparable with 

the purely dispersive flux component) of the electromigration flux, which, in fact, forces Cl
-
 to 

establish this secondary concentration peak against its own concentration gradient in order to 

compensate the surplus of positive charge from the desorbed cations.  

 

KNO3  [mM] 0.2 
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Figure 11. Comparison of breakthrough curves for 3-D simulation results with NP-Phreeqc 

(lines) and 1-D PHREEQC (symbols) for ion exchange and multicomponent ionic transport in a 

column setup (a). Maps of the longitudinal dispersive fluxes in the 3-D column after 1.5 pore 

volumes (b). The direction from high to low concentration values is considered positive for the 

computed fluxes. 

 

4 Conclusions 

In this paper we have proposed a Nernst-Planck based approach to describe conservative 

and reactive transport of charged species in saturated porous media. The approach was 

implemented as a multidimensional COMSOL-PhreeqcRM coupling. Key features of the 

proposed multicomponent ionic transport code are: (i) transport of all aqueous species (and not 

only of chemical components) with species-dependent coefficients; (ii) flexibility in the 

simulation of multidimensional domains, complex geometries, as well as heterogeneous media; 

(iii) wide range of geochemical reactions, including equilibrium and kinetic processes, ensured 

by the coupling with the geochemical code PHREEQC; (iv) calculation of all terms in Nernst-

Planck diffusive/dispersive fluxes including the contribution due to the gradients of activity 

coefficients that become important in concentrated solutions and in presence of strong variations 

of ionic strength. The code was validated against analytical solutions, numerical multicomponent 

ionic transport simulations carried out with PHREEQC in 1-D equivalent setups, and high-

resolution experimental datasets. Moreover, we performed experiments in a flow-through 

laboratory setup to investigate the effects of Coulombic interactions during fully three-

dimensional transport. The collected dataset allowed us to benchmark the proposed NP-Phreeqc 

model for 3-D multicomponent ionic transport.  

The applications presented in this study have addressed simulation scenarios and 

experimental datasets focusing on multicomponent ionic transport. All the benchmark examples 

analyzed show the key importance of charge interactions on conservative and reactive solute 

transport. Electrostatic interactions in porous media are relevant for charged species transport not 

only in diffusive regimes but also under flow-through conditions. The outcomes of this 

investigation highlight the need of the proposed model to quantitatively describe Coulombic 

effects in flow-through porous media. The capability of the model to map individual components 

of Nernst-Planck diffusive dispersive fluxes and their spatial and temporal variability is an 

important feature providing key mechanistic insights to understand and correctly interpret 
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measured concentrations of charged species in flow-through systems. Thus, NP-Phreeqc 

represents a unique tool to accurately simulate multicomponent ionic transport (from 1-D to 3-D) 

and to correctly interpret concentration measurements in both homogeneous and heterogeneous 

domains. The flexibility of the coupling offers the opportunity to extend the proposed 

multidimensional Nernst-Planck based approach to many relevant reactive transport processes in 

groundwater, including mineral precipitation and dissolution, displacement of radionuclides in 

flow-through systems, transport of tracer isotopes, mobilization of heavy metals and metalloids, 

propagation of acidic plumes, and degradation reactions (e.g., Kjøller et al., 2004; Maher et al., 

2006; Molins et al., 2012; Prigiobbe et al., 2012; Glaus et al. 2014; Prigiobbe & Bryant, 2014; 

Druhan et al., 2015; Haberer et al., 2015; Fakhreddine et al., 2016; McNeece & Hesse, 2016 and 

2017). Besides applications at the continuum scale, further developments are envisioned also at 

the pore scale where the proposed COMSOL-PhreeqcRM coupling could be extended to 

different physics and governing equations such as Stokes flow and multidimensional 

multicomponent ionic diffusion. This will allow exploring fundamental aspects of the coupling 

between fluid dynamics and mass transfer in porous media, Coulombic effects, solid-solution 

interactions and geochemical reactions. Finally, the flow-through perspective on multicomponent 

ionic transport in porous media and the multidimensional Nernst-Planck based approach 

introduced in this study could be extended to simulate engineering applications in which an 

electric field is applied on a porous medium to enhance and/or control transport of charged 

species. Examples of such applications include solute transport in concrete (Appelo, 2017), as 

well as electrokinetic for remediation of contaminated matrices (Reddy & Cameselle, 2009) and 

for in-situ leaching and recovery of metals (Martens et al., 2018).    
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