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ABSTRACT

In the treatment of a polluted soil, the pH has a strong impact on the development of
different physicochemical processes as precipitation/dissolution, adsorption/desorption
or ionic exchange. In addition, the pH determines the chemical speciation of the
compounds present in the system and, consequently, it conditions the transport processes
by which those compounds will move. This question has aroused great interest in the
development of pH control technologies coupled to soil remediation processes. In
electrokinetic remediation processes, pH has usually been controlled by catholyte pH
conditioning with acid solutions, applied to cases of heavy metals pollution. However,
this method is not effective with pollutants that can be dissociated in anionic species. In
this context, this paper presents a study of the electrokinetic remediation of soils polluted
with 2,4-Dichlorophenoxyacetic acid, a common polar pesticide, enhanced with an
anolyte pH conditioning strategy. A numerical study is proposed to evaluate the
effectiveness of the strategy. Several numerical tests have been carried out for NaOH
solutions with different concentrations as pH conditioning fluid. The results show that the
anolyte pH conditioning strategy makes it possible to control the pH of the soil and,
consequently, the chemical speciation of pollutant species. Thus, it is possible to achieve
an important flux of pesticide into the anolyte compartment (electro-migration of anionic
species and diffusive transport of acid species). This way, it possible to maximise the
pesticide accumulation in this compartment, allowing a much more effective removal of

pollutants from the soil than without the anolyte pH conditioning strategy.

KEYWORDS

Electrokinetic soil remediation; Multiphysics simulation; anolyte pH conditioning;

pesticide; MAEKR
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1. INTRODUCTION

Electrokinetic remediation (EKR) is a technique used in the treatment of polluted soils by
which contaminants can be moved to controlled extraction points. This technology is
based on the application of an electric field between electrodes placed in the soil, which
generates, among other processes, electrokinetic transport mechanisms such as
electroosmosis, electromigration and electrophoresis (Acar, 1993; Acar et al., 1995;
Virkutyte et al., 2002; Reddy and Cameselle, 2009). One of the main advantages of EKR
is that the coupling of these transport processes makes it possible to mobilise fluids, ionic
species and/or charged particles in soils with low hydraulic permeability, where Darcy
flow is limited. The involvement of several transport mechanisms makes possible to cover
a wide range of applications. EKR has been applied in the treatment of soils contaminated
with heavy metals (Ottosen et al., 2001; Mascia et al., 2007; Kim et al., 2009), PAH
(Pazos et al., 2010; Hahladakis et al., 2014; Bocos et al., 2015) and pesticides (Ribeiro et
al., 2005; Ribeiro et al., 2011; Rodrigo et al., 2014; Vieira dos Santos et al., 2016, 2017)

obtaining good results.

The action of the electric field also favours certain electrochemical reactions on the
surface of the electrodes, especially those leading to water electrolysis. In this process, an
important pH gradient is produced due to the generation of protons (H) on the anodic
surface and hydroxyl ions (OH") on the cathodic surface. These ionic species are
mobilised through the soil at a rate determined mainly by the electromigration and
advective/diffusive processes and the soil’s buffering capacity (Acar et al., 1990; Puppala
etal., 1997; Reddy et al., 1997; Al-Hamdan and Reddy, 2008b, 2008c; Paz-Garcia et al.,

2012a).

The evolution of pH is key in soils treated with EKR, as pH changes induce

physicochemical ~ processes  beside  electrokinetic  ones, for  example,
3
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precipitation/dissolution of minerals and metals, adsorption/desorption of pollutants and
ion exchange between the soil solid skeleton and the pore water. Another aspect to
consider is the strong influence of pH on the chemical speciation of the compounds
present in the system, both natural substances and pollutant species. The pH determines
the ionic form in which a compound is found in the soil. This will indirectly condition the

predominant transport process by which this compound will move.

Therefore, the study of pH in EKR processes has aroused a great deal of interest (Zhou et
al., 2004b; Gidarakos and Giannis, 2006), since, by controlling this variable, it would be
feasible to improve a conventional EKR treatment. The improvements would be related
to a controlled chemical speciation and consequently, certain induced transport processes
(Yeung and Gu, 2011). Different strategies have been developed focused on pH control
(Yeung and Gu, 2011; Gomes et al., 2012) in EKR processes, being electrolyte
conditioning one of the most used, especially, catholyte conditioning (Zhou et al., 2004a,
2004b; Yeung and Gu, 2011; Villen-Guzman et al., 2014) in EKR processes for metal
removal. In those cases, the conditioning aims to decrease the pH of the catholyte by
adding acid species to minimise the precipitation of low mobility salts. However, the
anolyte pH conditioning (A-pH-C) has rarely been studied (Saichek and Reddy, 2003;
Ryu et al., 2011). This strategy could be of interest when the pollutants can be dissociated
in anionic species under basic pH conditions. The study of the application of A-pH-C is
the main objective of this work, which presents a numerical analysis of an EKR process
in a soil contaminated with 2,4-Dichlorophenoxyacetic acid (2,4-D, a common polar
pesticide) using an A-pH-C strategy. NaOH solutions with different concentrations were
selected as pH conditioning fluid. The computational module M4AEKR, Multiphysics for
EKR, (Lépez-Vizcaino et al., 2017¢) has been used to perform this study. MAEKR is a

model developed in a multiphysics environment and implemented in COMSOL
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Multiphysics (COMSOL, 2015). This tool was developed after extensive research in the
field of soil decontamination using EKR processes (Risco et al., 2015; Lopez-Vizcaino et
al., 2016; Risco et al., 2016a, 2016b; Lopez-Vizcaino et al., 20173, b). M4EKR allows to
characterise and describe the processes that occur during an EKR treatment of a natural
soil (Lopez-Vizcaino et al., 2017c¢). It has been used to evaluate the transport of water in
partially saturated soils subject to an electric field (Yustres et al., 2018) and to analyse
the performance of EKR processes enhanced with polarity reversal (Lopez-Vizcaino et
al., 2017d). Thus, it is a tool to study the EKR treatment of soils contaminated with 2,4-
D numerically, and evaluate the potential improvements obtained by applying an A-pH-
C strategy, which is the main objective of the current research work. This study examines,
thanks to the capacities of MAEKR, the temporal evolution of pH and the accumulated
pesticide mass, both in the electrolyte compartment and in the soil itself, as well as the
spatial distribution of these variables throughout the simulated domain. The mass fluxes
of pollutants linked to each transport process are also analysed to improve the overall
understanding of each phenomenon and of the EKR process as a whole. As a result, this
work obtains valuable information on the behaviour during the EKR of soils contaminated
with 2,4-D improved with pH conditioning in anolyte; consequently, it can define

guidelines to apply an operating strategy to increase the efficiency of the treatment.

2. CONCEPTUAL MODEL AND NUMERICAL IMPLEMENTATION

The M4EKR module (L6pez-Vizcaino et al., 2017c) is a reactive transport model for
partially saturated porous media. The M4EKR version used in the present study makes

several assumptions for conceptual simplification:

- Gas transport was not considered.
- The soil was taken as non-deformable. Soil porosity was considered constant.

- The EKR process took place under isothermal conditions (298.15 K).
5
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- Mineralization processes of the 2,4-D (microbial-mediated degradation and
photodegradation) were not considered.
- The 2,4-D adsorption onto the soil was disregarded. The lack of such adsorption

has been observed experimentally (Cotillas et al., 2018).

Due to these simplifications, the model does not reproduce the real behaviour of an EKR
process. However, this paper does not aim to reproduce perfectly a real behaviour, but to
increase the knowledge on how an A-pH-C strategy affects the speciation and transport
of pollutants in an EKR process and to evaluate the potential improvements obtained in
the efficacy and efficiency of the remediation process. The mathematical formulation
used in this M4EKR version is presented in Appendix A. A complete formulation of

MA4EKR is described in detail in Lopez-Vizcaino et al. (2017c).

Fig. 1 presents a conceptual model of the system simulated in the tests. This system has
a one-dimensional (1D) configuration that allows to obtain clear and easily interpretable
results in a shorter simulation time. In this case, a 1D model is a useful tool to make a

phenomenological understanding study. This, as previously mentioned, is the main goal

of the work.
Mm’ AC pout, CC
i ',
CcC
Flushing M jout, AC Mjin’ o Catholyte
fluid o overflow
M:
J
NaOH
solution ‘\CC
R:
J
Y

Figure 1. Conceptual model of the one-dimensional domain proposed for simulation.



140

141

142

143

144

145

146

147

148

149

150

151

152

153

154

155

156

157

158

159

160

161

162

163

Two electrolyte compartments have been considered (Anolyte Compartment, AC;
Catholyte Compartment, CC) in which the electrodes (anode and cathode, respectively)
are located. The function of the electrolyte compartments is double: (i) to collect the
pollutants removed from the soil and (ii) to allow adding/extracting the necessary flushing
fluid (FF) to maintain a constant level in both electrolyte compartments. The FF is added
in the AC, while excess fluid is extracted by overflow in the CC, since the direction of
water flow is given by the electroosmotic flux (anode to cathode). A set of different NaOH

solutions was used as FF to assess the A-pH-C strategy.

The M4EKR model was implemented in the multiphysics environment solver COMSOL
Multiphysics (COMSOL, 2015). COMSOL is a partial differential equation solver that
uses the finite element method with Lagrange multipliers. This kind of software is very
versatile (Brown et al., 2008; Keyes et al., 2013; Babur et al., 2015), allowing the
modeller to define the system of differential and algebraic equations to solve. An
important novelty of this work is that the system of equations used to calculated the
chemical speciation problem is integrally solved by the MAEKR module in COMSOL
(monolithic approach), as opposed to common operator-splitting procedures that couple
other reactive transport codes (Carrayrou et al., 2004; Jacques et al., 2006; Paz-Garcia et
al., 2012b). In addition, the system of ordinary differential equations that define the mass
balance in electrolyte wells, Eq. (A.11), is solved together with the partial differential
equations that determine the balance of water, species and electric charge (Egs. (A.1),
(A.9) and (A.10), respectively). This complex calculation is possible thanks to the great

flexibility that COMSOL (COMSOL, 2015) provides to the MAEKR module.
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3. SIMULATION OF THE EKR PROCESS

3.1. Modelled configuration

3.1.1. Polluted Soil

The studied soil is a material from a quarry in Toledo (Spain), which is classified as a
low-plasticity clay (CL) according to the Unified Soil Classification System. It is
composed of smectite (28%), kaolinite (26%), illite (20%), feldspar (15%), quartz (7%)
and calcite (4%). The particle size distribution of the soil shows an important silt fraction
(68.2%), a minor fraction of sand (26.9%) and a low fraction of clay (4.9%). A bulk
density of 1.89 g/mL and a gravimetric water content of 32.8% were assumed to represent
compaction conditions representative of the natural state of this soil (Lopez-Vizcaino et
al., 2016). The soil parameters used in the simulations are presented as Supplementary
Material, Table SM-1. The procedure used to determine the water retention curve

parameters is described in Yustres et al. (2018).

3.1.2. Pore water

A synthetic pore water was simulated using a geochemical model of 5 components and 9
species. Table SM-2 presents the equilibrium reactions involved, their respective
equilibrium constants (Giffaut et al., 2014) and physicochemical properties, as well as
hard-core diameters and diffusion coefficients, obtained both from literature and
estimated with Pikal’s expression (Pikal, 1971). The WATEQ Debye-Hiickel model

(Parkhurst and Appelo, 1999) was used to determine the activity coefficients.

3.1.3. Modelled Experimental setup

An EKR reactor was simulated, composed of an electrochemical cell formed by two

electrolyte compartments of 135 mL (LWH: 15x3x3 cm) and a central compartment of
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675 mL (LWH: 15x15x3 cm) to contain the contaminated soil. This modelled
experimental setup is the same as that used in previous works, in which a more detailed

description can be found (L6pez-Vizcaino et al., 2017c, 2017d).

3.1.4. Initial conditions

The initial electrolyte is an aqueous NaCl solution (9.53x10™* m) with a neutral pH (7).
The initial soil pore water has the same concentration of NaCl and an additional amount
of 2,4-D corresponding to the initial pollution target in soil (20 mg kg grly <oil )- The total

ionic strength, IS, of the initial soil pore water is 9.53x10* m. The FF used are solutions
of NaOH of different concentrations (0.01 to 0.025 m). The initial liquid pressure, P, was
fixed at 100 kPa and the initial electric potential was 1 V. Table 1 presents the values of

the initial conditions selected in the cases evaluated in this work.

Table 1. Initial conditions.

Total component concentration / m
pH IS/m
H+ Na+ 2,4-Danion
Soil pore water 1.65x10°8 9.53x10* 3.19x10* 7.00| 9.53x10*
Electrolyte -3.06x101! 9.53x10* 0.00 7.00| 9.53x10*
FF 0.01 m NaOH -1.00x107? 1.09x1072 0.00 11.95| 1.09x107?
FF 0.0125 m NaOH -1.25x10°2 1.35x1072 0.00 12.05| 1.32x107?
FF 0.015 m NaOH -1.50x107? 1.59x10°2 0.00 12.12 | 1.59x102
FF 0.0175 m NaOH -1.75%x107? 1.85x102 0.00 12.18 | 1.84x102
FF 0.02 m NaOH -2.00x10? 2.09x1072 0.00 12.24 | 2.09%x102
FF 0.025 m NaOH -2.50%x107? 2.59x1072 0.00 12.33| 2.58x10?

3.1.5. Boundary conditions

For the electric charge balance equation, an electric gradient of 1 V cm™ was imposed in
all cases as boundary condition. For the water mass balance, P was maintained constant
and equal to the atmospheric pressure (100 kPa) in the boundaries. Finally, for the balance

of the chemical components, the concentration of the components in the electrolyte
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compartments was imposed in the boundaries. These concentrations are obtained by the
coupled calculation of the J-2 ordinary differential equations used to solve the mass

balance of the chemical components in the electrolyte wells.

3.2. Simulation of EKR tests

Seven EKR tests have been simulated to analyse the behaviour of the system under an A-
pH-C strategy. The difference between the simulated tests was the NaOH concentration
in the FF (see Table SM-3). This way, the first test was simulated, as a reference, using a
FF solution without NaOH and the salts concentration of the initial electrolyte (see Table
1). The following six tests were performed using FF solutions with an increasing NaOH
concentration (0.01, 0.0125, 0.015, 0.0175, 0.02 and 0.025 m). This work aims to evaluate
the performance of an EKR process conditioning the pH of the anolyte, focusing the study
on the analysis of the transition period. This stage is the most important of the test because
it will characterise the different responses produced by the A-pH-C strategy. For this
reason, the duration of the test will be different in each simulation. It will correspond to
the time necessary to achieve a “pseudo stationary” state in the evaluated process, that is,
when the pH spatial distribution remains constant in the domain. Fig. 2 shows the

temporal evolution of pH in the two electrolyte compartments.

10
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Figure 2. Dynamic response of pH in (a) catholyte and (b) anolyte compartments.

The pH temporal evolution observed in the simulations is characteristic of EKR
processes. Basification occurs in the CC, because hydroxyl ions are electrogenerated in
the water reduction reaction derived from electrolysis. The pH increases from 7 up to
nearly 12 in a very short time. In the same way, the opposite process (electrogeneration
of protons during water oxidation) occurs in the AC, where a pH drops strongly, to values

close to 2.

11
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In addition, different trends over time can be identified in five of the tests. Tests T-0 and
T-1 later show a rapid change in the pH of the CC, decreasing from approximately 12 to
9.5 and 9.8 at 89 and 262 h, respectively. After these times, the catholyte pH is stabilised.
These temporal points coincide with the arrival of an acid pH front to the CC. The
behaviour shown by T-0 was observed in a previous work (L6opez-Vizcaino et al., 2017d)
where A-pH-C was not applied. Although it takes more time for the acid pH front to reach
the CC, analogous performance is obtained in T-1 (A-pH-C with 0.01 m NaOH). This
indicates that the NaOH solution used as FF partially neutralises the protons produced in

the AC but the NaOH concentration is insufficient to increase the pH of the soil.

On the other hand, tests T-4, T-5 and T-6 present an anolyte pH evolution contrasting
with that of T-0 and T-1. After the first stage, a sudden rise of the pH to nearly 4.5 is
observed. Then, pH stabilises at 261 h, 166 h and 104 h, respectively. This behaviour can
be explained in the same terms used before. In these cases, the NaOH concentration of
the FF is higher than in the previous tests, and it can completely neutralise the acid front
generated in the AC. In this concentration range (0.0175-0.025 m), the amount of NaOH
added in the AC affects the time necessary for the basic pH front to be transported from

the CC to the AC.

Tests T-2 and T-3 present evolutions different to the previous ones. After the first stage,
the pH in the AC and the CC remains in values close to 2 and 12, respectively, all

throughout the test.

To illustrate these trends of behaviour, the pH spatial distribution in the soil is plotted in
Figures 3A and 3B at two times, 42 and 84 h. Moreover, the spatial distribution of the
concentration of the two pesticide species, anionic species (2,4-Danion) and acid species
(2,4-Dacig), at the mentioned times, is presented in Figs. 3c, 3d and Figs. 3e, 3f,

respectively.
12
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Figure 3. Spatial distribution in the EKR study with an A-pH-C strategy of the (a, b) pH, (c, d)
total concentration of the 2,4-Danion Species, and (e, f) total concentration of the 2,4-Dycid Species.

Evaluated times: (a, c, €) 42 hand (b, d, f) 84 h.

In all the studied cases, the pH spatial distribution shows the characteristic evolution of
an electrochemical cell, with an important pH gradient between anode and cathode.
Taking the first evaluated time, 42 h (Fig. 3a), as a reference, an increase of the NaOH
concentration in FF slows down the displacement of the acid front towards the CC due to
the neutralization of protons. The pH front reaches a distance of 0.11 m in test T-0, and
only of 0.06 m in test T-6. This is consistent with the previous explanation of the dynamic
response of the pH electrolytes. Moreover, analysing the second time, 84 h (Fig. 3b), the

13
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phenomenon is more evident, since the pH front is mobilised towards the CC in T-0 and
towards the AC in T-6. These observations agree with the trend of pH changes shown in

Fig. 2.

The pH strongly influences the chemical speciation of the substances presents in the soil
(Al-Hamdan and Reddy, 2008a, 2008b). There is a direct relation between pH and
chemical speciation. Acid species are only present between the anolyte and the pH front.
This zone can be termed acid region. The extent of this region shrinks when the NaOH
concentration increases in the FF (Figs. 3a and 3b). This shrinkage has two important
effects: (i) the predominant pollutant species, 2,4-Dacid, IS concentrated very effectively
near the AC (Fig. 3d), and (ii) the transformation of 2,4-Dacid t0 2,4-Danion IS improved
(Fig. 3f). Taking into account these two considerations, the A-pH-C strategy favours the
presence of a relevant amount of 2,4-D anion species close to the AC, which is susceptible

of being mobilised towards the AC by the more effective electromigration process.

To improve our knowledge of how 2,4-D is mobilised, its mass fluxes have been analysed.
The fluxes associated with each transport process are independently evaluated at the
soil/AC interface (Fig. 4). A similar study in the soil/CC interface is not presented because
the pesticide concentration is negligible in this zone (Figs. 3a and 3b); therefore, the mass
fluxes in the soil/CC interface are negligible compared to those obtained in the soil/AC

interface.

14
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Figure 4. Total mass fluxes for the 2,4-D component at the AC/soil interface. Evaluated times:

(a) 42 h and (b) 84 h.

The total mass fluxes obtained in the tests with lower NaOH concentrations (T-0 to T-3)
are more similar to each other than to the rest at the two times analysed. However, tests
T-4 to T-6 show a notable flux increase at 84 h, especially T-6, where the total flux
increases one order of magnitude. This trend is explained after the spatial distribution of
the total concentration of the anionic and acid species of the pesticide (Fig. 3), both of
which show an increase close to the AC/soil interface. This favours the diffusive flux of

anionic and acid species towards the AC (where the pesticide concentration is lower), the
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electromigration flux of the anionic species towards the AC and the advective (hydraulic

and electroosmotic) flux of anionic and acid species towards the CC.

Analysing the fluxes associated with each transport process, the A-pH-C strategy
improves the electromigration process because of the dissociation of the acid species into
the anionic species. In addition, the shrinkage of the acid region produces an accumulation
of the acid species near the AC, increasing the diffusive fluxes. The combination of these
phenomena produces a net mass flux towards the AC, which increases with the NaOH

concentration in the FF.

The dynamic response of the concentration of 2,4-D in the AC has also been analysed
(Fig. 5) to check the effects of the pesticide transport along the total test time. In general
terms, an increase in the total mass flux towards the AC produces an important increase
of pesticide concentration in this electrolyte compartment. This response is more

noticeable in the A-pH-C tests with a NaOH concentration greater than 0.015 m.

After an individual analysis, tests T-0, T-1 and T-2 show a quick increase in the total 2,4-
D concentration during the first 50 h of the tests, which is then stabilised. The
predominant accumulated species is 2,4-Dacig, mainly from diffusive transport (Fig. 4).
When the pesticide concentrations in the electrolyte compartments and in the soil become
equal, the initial concentration gradient has been reduced, and consequently the diffusive
flux is lower. This produces the stated stabilization of the 2,4-D concentration in time.
The contribution of the pesticide anionic species is very low, consistently with the lower

electromigration flux in these tests (Fig. 4).
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Figure 5. Dynamic response of the concentration of 2,4-D (a) anionic species, (b) acid species

and (c) total component in the AC.

On the other hand, tests T-4, T-5 and T-6 present an important increase along time in the
total 2,4-D concentration in the AC (Fig. 3). The reason is twofold: (i) the accumulation
of the 2,4-Dacia Species close to the AC induces a large concentration gradient, and
therefore the diffusive transport occurs along the entire test (Fig. 5b); and (ii) the A-pH-

C strategy favours in these cases the chemical speciation towards the 2,4-Danion,
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consequently improving the contribution of electromigration to the total transport of

pesticide (Fig. 5a).

The last point evaluated is the quantification of the improvements derived from the A-
pH-C strategy applied in the EKR of polluted soils with 2,4-D. To do this, the efficiency
of the enhanced EKR process has been analysed evaluating the mass of pesticide

remaining in the AC, the CC and the soil after the treatment (Fig. 6).

80 —

70 —

2,4-D remaining after the tests / %

Anolyte Catholyte Soil
compartment compartment

B T0.0m [ T-2.00125m [IEE T-4,0.0175m [ T-6,0.025 m
B 7-1,001m [ T-3,0015m [ T-5,0.02m

Figure 6. Distribution of 2,4-D after the EKR tests enhanced with A-pH-C.

The reference test (T-0) is the least efficient. A 59% of the initial pesticide mass remains
in the soil and only a 24% and a 17 % are accumulated in the CC and the AC, respectively.
In tests T-1 and T-2, the mass of 2,4-D in soil drops up to a 50%, that in the CC is

approximately the same, and that in the AC increases up to a 25%. The rest of tests (T-3
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to T-6) obtain only a 10% of the initial pesticide mass remaining in the soil. The pollutant
is accumulated mainly in the AC, achieving a 75% of the initial mass for a NaOH
concentration of 0.0175 m in the FF. For higher NaOH concentrations, the results
regarding pesticide removal are the same, but the time necessary to achieve them is
reduced significantly (from 261 to 104 h, see Table SM-3). This fact confirms that the A-
pH-C strategy improves notably EKR processes applied to the treatment of a soil polluted

with 2,4-D.

4. CONCLUSIONS

This work presents a numerical study to analyse the effects of an Anolyte pH
Conditioning (A-pH-C) strategy in the electrokinetic remediation of a soil polluted with
2,4-D pesticide. Seven numerical tests have been studied, using NaOH aqueous solutions
with different concentrations as flushing fluid (added to the anolyte compartment). The
results show that the A-pH-C strategy allows to control the soil pH indirectly, slowing
the advance of the acid front towards the catholyte compartment because of the
neutralization of protons derived from anodic water oxidation. Consequently, the
chemical speciation is affected by A-pH-C. The 2,4-Dacid Species is accumulated in the
acid region of the soil (close to the anolyte compartment), and the dissociation of the acid
species towards the 2,4-Danion Species is favoured due to the important pH increase
produced by adding NaOH. These effects result in the development of a large net mass
flux towards the anolyte compartment (mainly of the anionic species by electromigration
and of the acid species by diffusive flux), allowing a much more effective pesticide
removal from the soil than in the reference test (without the A-pH-C strategy). Finally, in
the cases studied, a minimum concentration of NaOH is needed to obtain this
improvement in the EKR process. Higher NaOH concentrations than the minimum do not

improve the pesticide removal, but can reduce the time needed to achieve the same results.

19



364

365

366

367

368

369

370

371

372

373

374

375

376

377

378

379

380

381

382

383

384

ACKNOWLEDGEMENTS

Financial support from the Spanish Ministry of Economy, Industry and Competitiveness
and the European Union through project [CTM2016-76197-R (AEI/FEDER, UE)] and
from Junta de Comunidades de Castilla - La Mancha through the Postdoctoral Grant
[(SBPLY/16/180501/000402)] awarded to Dr. Lopez-Vizcaino are gratefully

acknowledged.

APPENDIX A

A.1. Water mass balance

Eq. (A.1) defines the water mass balance in a soil domain:

My v =0 (A1)
o

where my is the mass of water per unit total volume (kg m=), V- is the divergence operator,

and Iy is the mass flux of water (kg m? s™). The term my, is defined as:
m, =¢-Sr-p, +¢-(1=5r)-p, (A2)

where ¢ is the soil porosity, pw is the water density (kg m™3), the degree of saturation of
the soil, Sr, is estimated using the van Genuchten model (van Genuchten, 1980), and pv
is the density of water vapour (kg m), which is calculated with the psychrometric

equation (Edlefsen and Anderson, 1943):

My
Py = py * €xp ( pW_R,T) (A.3)
where My is the molar mass of water, T is the temperature and s is the matric suction
(osmotic suction is not considered), which is given by the difference between the gas

phase pressure and the liquid phase pressure.
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The flux term lw, Eq. (A.4) is calculated as the sum of the hydraulic flux (ICV ), which is

calculated with Darcy’s law, and the electroosmotic flux (I}, ), which is computed with

the semi-empirical model of Helmholtz-Smoluchowski (Mitchell and Soga, 2005).
L, =15 +12 = p,, (@} +9% )= p,, -q, (A4)

where " and g2 are the hydraulic and electroosmotic volumetric fluxes (see Egs. (A.5)

and (A.7) respectively).

q" = —K»- (VP + g py - Vz) (A.5)
Kh=Kb k=KL - Sr3 (A.6)
@ = —K& - VE (A7)
K& = Ky - kv = Kt - S1° (A.8)

where Keh is the effective hydraulic permeability of the soil, which is calculated by
multiplying the saturated permeability (Kshat) by a relative permeability function.
Additionally, V is the gradient differential operator, g is gravity, z is the vertical
coordinate, E is the electric potential, K is the effective electro-osmotic permeability
of the soil, which is calculated using the same formulation employed in the calculation of
Keh ,and K_; is the saturated electro-osmotic permeability. A Brooks and Corey-type

power function (Brooks and Corey, 1964) with an exponent of 3 was chosen for both

relative permeability functions.
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A.2. Reactive transport

The M4EKR module considers a geochemical system composed of J components able to
produce a total of N chemical species for the chemical reactions contemplated (Bethke,
2007). This way, to know the total chemical composition of the system, it is necessary to
calculate the total amount of each j component (j=1...J) using a general mass balance

equation:

om.
ng.uj:Rj (A.9)

where mj is the total mass of component j per unit total volume (mol m), Ij is its total
molar flux (mol m?2s?), and Rjis its rate of production or consumption (mol m3s?). The
flux [j is calculated as the sum of the contributions of four transport processes: advective
transport generated by (i) hydraulic, (ii) electroosmotic and (iii) electromigration fluxes,
and (iv) Fickian diffusive-dispersive transport. Only J-2 partial differential equations are
needed to be solved, because the total mass of one of the components is computed after

electroneutrality and Eqg. (1) is used for H.O.

A classical stoichiometric approach based on a system of mass-balance and mass-action
equations was used to solve the chemical speciation problem (Leal et al., 2014). The
general formulation of this method has been extensively defined in others works
(Lichtner, 1985; Parkhurst and Appelo, 1999; Bethke, 2007; Steefel et al., 2015). The
specific equations used in M4EKR can be found in literature (Lopez-Vizcaino et al.,

2017c; Lopez-Vizcaino et al., 2017d).
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A.3. Electric charge balance

The electroneutrality condition is met throughout the domain. Moreover, the system has
not charge accumulation capacity. With these assumptions, the balance equation of the

total electric charge is defined by Eq. (A.10):
V-i=0 (A.10)

where i is the total current density (A m), which is calculated by applying Ohm's law
(Jacobs and Probstein, 1996; Lopez-Vizcaino et al., 2017c¢). The apparent electrical
conductivity of the soil and electrical conductivity of pore water are estimated with the
formulation of Rhoades (Rhoades et al., 1989) and Appelo and Postma (Appelo and
Postma, 2004), respectively. These formulations are described in Lépez-Vizcaino et al.

(2017c).
A.4. Mass balance in electrolyte wells

Assuming that the electrolyte compartments behave like ideal continuous stirring tank
reactors, J-2 balance equations, Eq. (A.11), must be solved in each compartment to

calculate the mass evolution of the J components:

dM; _ pginx ‘rout,* *

where superscript * is equal to AC or CC depending on the electrolyte compartment, R;
is the source/sink term (mol s2) subject to the electrochemical reactions considered (redox
reactions linked to water electrolysis), M;" is the total mass of component j (mol) and
denotes the mass of component j per unit time (mol s%) being added (superscript in) or
extracted (superscript out) to the electrolyte compartment studied. The formulation used

to calculate these variables is described in a previous work (Lopez-Vizcaino et al., 2017c).
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Table SM-1. Soil parameters.
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z:::‘gngﬁg Parameters Description Values Units
Water e Parameter of the ngr\(/Seenuchten retention 0.0147 Kpal
::Etfy;lon e Parameter of the vsgr\?eenuchten retention 19593 )
parameters mve Parameter of the van Genuchten retention 0.2059 i
curve
¢ Porosity 0.4681 -
Soil structural Ps Soil particle density 2681.5 kg m3
parameters S\ Longitudinal dispersivity of species i 0.01 m
T Tortuosity 1.00 -
Water flow Kshat Saturated hydraulic permeability 2.03x101° ms?
parameters K:; Saturated electroosmotic permeability 2.4x10° | m*Vvis?
Table SM-2. Thermodynamic properties of the modelled geochemical systems.
i [soeons | meaons [T T Moo T oy
CI CI 0 3.6 2.03x10°
H>0 H,0 0 3.4 5.27x10°
Components | H* H* 0 4.1 9.31x10°
Na* Na* 0 4.1 1.33x10°
2,4-D° | 2,4-D 0 3.4 6.50x1010
OH- H20 <> OH + H* -14 3.6 5.27x10°
Secondary NaOH | Na* + H,O <>NaOH + H* -14.75 3.4 1.89x1010
species NaCl | Na*+ Cl«>NaCl -0.5 3.4 1.89x1071
2,4-D 2,4-D+ H*<2,4-D 2.73 3.4 6.50x1010
* Obtained using Pikal’s model (Pikal, 1971)
Table SM-3. Test planning.
Test Code [NaOH] in FF/ m Testtime / h
Reference test T-0 0 89
A-pH-C test 1 T-1 0.01 262
A-pH-C test 2 T-2 0.0125 460
A-pH-C test 3 T-3 0.015 421
A-pH-C test 4 T-4 0.0175 261
A-pH-C test 5 T-5 0.02 166
A-pH-C test 6 T-6 0.025 104




