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Abstract

Electrokinetics in porous media entails complex transport processes occurring upon the
establishment of electric potential gradients, with a wide spectrum of environmental
applications ranging from remediation of contaminated sites to biotechnology. The resulting
electric forces cause the movement of pore water ions in opposite directions, leading to charge
interactions that can affect the distribution of charged species in the domain. Here, we
demonstrate that changes in chemical conditions, such as the concentration of a background
electrolyte in the pore water of a saturated porous medium, exert a key control on the
macroscopic transport of charged tracers and reactants. The difference in concentration
between the background electrolyte and an injected solute can limit or enhance the reactant
delivery, cause non-intuitive patterns of concentration distribution, and ultimately control
mixing and degradation Kkinetics. With non-reactive and reactive electrokinetic transport
experiments combined with process-based modeling, we show that microscopic charge
interactions in the pore water play a crucial role on the transport of injected plumes and on the
mechanisms and rate of both physical and chemical processes at larger, macroscopic scales.
Our results have important implications on electrokinetic transport in porous media and may
greatly impact injection and delivery strategies in a wide range of applications, including in

situ remediation of soil and groundwater.
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Introduction

Electrokinetics in porous media has important applications in many different disciplines, as
well as an enormous and yet unexplored potential. For instance, electrokinetics (EK) is used in
microbial fuel cells=3, rapid tests of rocks and concrete*°, water purification®° and may play
an important role on enhanced and sustainable resources recovery!®*2. An important
environmental application of electrokinetic techniques is the remediation of soil and subsurface
porous media'®~*®, in which the use of low-intensity electric fields can lead to the mobilization
of contaminants and to the effective delivery of reactants and amendments, including
bacterial®°. Particularly promising is the capability of electrokinetic processes to distribute
reactants in impervious, low-permeability porous media, which are not accessible by hydraulic
flushing and can represent long term sources of contamination for soils and groundwater
resources®®2?2, An important feature for many subsurface applications is that EK empowers
effective delivery and mobilization strategies through the transport mechanisms induced by the
application of an electric potential gradient. Such mechanisms include electromigration,
consisting in the movement of ions in opposite directions depending on their charge,
electroosmosis, resulting in an advective flow caused by the movement of ions in proximity of
the solid grains’ surfaces, and electrophoresis, affecting the transport of charged particles?.
Despite the large number of current and potential applications, the quantitative understanding
of electrokinetic phenomena in porous media remains a daunting challenge due to the
complexity of the controlling processes that depend on physical, chemical and electrical
properties of both fluids and solid matrices.

Here, we focus on electromigration transport of charged solutes in saturated porous media and
we experimentally demonstrate that the electrolyte composition of the pore water greatly
impacts the macroscopic dynamics of electrokinetic transport. We consider permanganate

(MnOy) as a colored charged tracer due to its visible properties and its widespread use as strong
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oxidant for the degradation of organic contaminants also in EK applications®*%. We show that
background electrolyte concentrations control the delivery of the injected MnOy, its spatial
distribution and its mixing behavior with the surrounding pore water. Furthermore, in our
experiments we study reactive transport of MnO4, oxidizing a non-charged organic solute
initially present in the porous domain. We illustrate the mechanism and impact of
electrokinetically-induced charge mixing, in which the concentration of the background
electrolyte affects both the extent of mixing and the kinetics of the mixing-controlled reaction.
The electrokinetic experiments are compared with transport by advection and dispersion: the
radically different dynamics of EK-induced transport and electrolyte-controlled reactions are

systematically analyzed with the support of process-based numerical simulations.

Materials and Methods

To evaluate the displacement mechanisms of a tracer under different conditions of advective-
dispersive and electrokinetic transport and to illuminate the role of charge interactions, we
designed a quasi-two-dimensional experimental setup, schematically illustrated in Figure Sla-
b (Supporting Information). The system consists of a tempered glass chamber (inner size 795
mm x 182 mm x 11 mm) held by an aluminum structure with an internal polyethylene layer.
The porous medium (glass beads, with grain size 0.40-0.60 mm, Sigmund Lindner, Germany)
was included in the central part of the system (300 mm x 180 mm x 11 mm), delimited by two
acrylic separators with honeycomb mesh and covered by a fabric layer.

For the advection-dispersion experiments (Figure S1a), recirculation between the reservoirs
was established to ensure the desired hydraulic gradient. The flow rate was controlled with a
high-precision, multi-channel peristaltic pump (ColeParmer, United States), and steady-state
conditions could be reached in few minutes. The pump was operated with 5 channels, providing

a constant seepage velocity in the porous medium of 6.5 cm/h.
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For the EK experiments (Figure S1b), graphite rod electrodes (g6x300 mm, Elektrokul,
Denmark) were placed in the glass chamber, in two reservoir zones outside the porous medium.
The distance between the two electrodes was 400 mm for all experiments. An electrolyte
solution was recirculated in two external reservoirs to provide additional volume to reduce the
impact of electrolysis reactions on the system pH. To recirculate water in the reservoirs, a four-
channel peristaltic pump (Ole Dich, Denmark) was operated with 2 channels, providing a
constant flowrate of 40 mL/min. The graphite electrodes were connected to a power supply
(EA Elektro-Automatik, EA-PSI 5200-10A, Germany) by means of electric wires. The voltage
provided by the power supply throughout the experiments was kept constant at 200 V. The
current in the system was measured by connecting the wire from the power supply to the anode
through a multimeter (PeakTech 3315, Germany). The effective potential drop within the
porous media was measured by means of two wire electrodes (exposed tip 2 mm) placed
centered in the setup, 10 mm below the water table and at a distance of 280 mm. The potential
reading was performed with a second digital multimeter (PeakTech 3315, Germany). Voltage
and current measurements were recorded with the multimeter at every hour of operation and
were found to be inarange 122.1-148.7 V and 3.0-24.8 mA, respectively. The values measured
in the different experiments are reported in the Supporting Information (Table S1).

Advection-dispersion and EK transport have been studied performing injections of potassium
permanganate (KMnQOgs) on the left-side of the domain. To investigate the role of charge
interactions on the transport of ions, we performed first a set of conservative, non-reactive
experiments followed by a second set of reactive experiments, in which glucose (Sigma-
Aldrich, United States) was added to the background solutions to reach a concentration of 8
mol/m3. For all experiments, the concentration of the injected KMnO4 was constant (3 mol/m?)
whereas the background electrolyte concentration, consisting in a solution with a fixed ratio of

NaHCO3 and Na>COs to reach a pH of 9, was varied for the different investigated scenarios.
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In all cases, the injected tracer solution displaces the background fluid and creates a circular
plume shape and a conductivity difference in the system.

The experiments were conducted in a dark room and the glass chamber was illuminated from
the back with an electroluminescent panel (1000 mm x 300 mm, EL-Technik, Germany) and
from the front with a light bulb (Philips 4000K, 806 Im, 100 mA, 9.5W). A calibration
procedure was developed to relate the color intensity of permanganate with its concentration
and to quantify the spatial distribution of the permanganate plumes in the porous medium at
different times. Details about the setup and the image analysis and calibration techniques are

provided in Supporting Information (Section S2).

Theoretical background
The transport of dissolved species in saturated porous media occurs as a result of concentration,
electric potential and pressure gradients. These phenomena result in diffusion/dispersion,

electromigration and advective fluxes, which are described by the Nernst-Planck equation?®-33:

i~ =-—nD;Vc; —nD; ¢;VO +nuc; 1
JPif JAdv €y

Mi,
J

where n is the porosity, ¢; is the molar concentration, D; is the pore diffusion/dispersion
coefficient, z; is the charge number, @ is the electric potential and wu is the seepage velocity.

In absence of advective fluxes, transport by electromigration, provided sufficient electric
potential gradients, is the dominant component. Such situation is typical of electrokinetic
applications, in which the transport of ions by electromigration depends on the applied electric
potential, on the diffusive/dispersive properties and on the charge of the individual ions. This
makes anions and cations move in presence of an electric field in opposite directions, whereas
non-charged solutes are not affected by the applied voltage. Considering a porous medium,

ions in solution need to comply with the electroneutrality condition YN, z;c; = 0, which
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corresponds to the Poisson’s equation under the assumption of overall zero charge density in
the domain®®. Given that ions in aqueous solutions have different diffusion coefficients
(Table S3, Supporting Information), under the application of an electric field they will move
with different electromigration velocities. Such properties, in combination with the
electroneutrality condition, imply that the electrokinetic transport of ions is affected by the
overall electrolyte composition of the system, thus making charge interactions play a key role
for the movement of the different charged species.

Considering that the application of an electric current in a porous medium results in a flux of
ions, it is possible to define the current density from the definition of total fluxes in Eq. 1. As
an external current can result in significant electric potential gradients, it is possible to assume

that the current density can be approximated as?®:

nD;
I—FZ]M‘g -—Fzzzlﬁcm o, VP (2)

Eqg. 2 indicates that there are strong dependencies between the current density I and the
conductivity of the electrolyte solution a,. In particular, as g, changes in the system, the current
density and the electric potential gradient are also spatially and temporally variable in the
porous medium domain. Indeed, changes in electric potential gradients impact the intensity and
direction of migration fluxes, which ultimately affect the concentration and distribution of ionic
species in the system.

Process-based numerical modeling was performed with the codes NP-Phreeqc®® and NP-
Phreeqc-EK®’ for the cases of advection-dispersion and electrokinetic transport, respectively.
These simulators are based on a coupling between COMSOL Multiphysics and the
geochemical code PhreeqcRM®®, operated through a MATLAB LiveLink interface. For
electrokinetic transport, NP-Phreeqc-EK solves the Nernst-Planck-Poisson equations in

multidimensional domains and is able to account for a wide range of equilibrium and
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kinetically-controlled reactions. The coupling with the geochemical code accounts for the
composition and aqueous speciation of the pore water. The initial solution speciation for each

scenarios is reported in Tables S4 (Supporting Information).

Results and discussion

Conservative transport experiments

For the set of conservative experiments, the first scenario focuses on the movement of the
purple-colored permanganate ion (MnOs) undergoing advective-dispersive transport induced
by a simple pressure head gradient and without applying any electric potential difference
between the electrodes (Figure 1). Three experimental scenarios were then dedicated to the
investigation of EK transport. In these experiments, the application of a constant electric
potential at the electrodes resulted in transport of the injected permanganate by
electromigration. The electric potential in the system was set to provide an electromigration
velocity comparable with the seepage velocity in the advective-dispersive experiment.
Therefore, the electromigration velocity of MnOs™ in the system was approximately 6.5 cm/h.
The considered EK transport scenarios were characterized by three different electrolyte
concentrations of the background pore water solution. We refer to “EK equal” for the scenario
in which the sum of all cations (or anions) in the pore water is equal to the one of the injected
KMnO;4 solution. Scenarios “EK low” and “EK high” represent situations in which the sum of
cation equivalents in the background electrolyte solution is, respectively, three times lower and
three times higher than the concentration of the injected tracer. Upon application of an electric
field, the anions (including permanganate) move towards the anode on the right, whereas the
cations are transported towards the cathode on the left. Figure 1a shows a sketch of the
experimental setup and summarizes the injection and pore water concentrations in the different

experiments.
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185  Figure 1. a lllustration of the experimental setup and summary of concentrations used in the
186  different experiments. b images showing the evolution of the permanganate plume in the four
187  different experiments. ¢ concentration profiles evaluated through the longitudinal axis of the
188  permanganate plume. The shaded area represents the experimental observations relating color
189  intensity to concentration including uncertainty bands (+20), whereas the solid lines are the

190 simulation outcomes.
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For every scenario we monitored the evolution of the tracer plume in the porous medium by
collecting pictures every minute for 150 minutes; Figure 1b presents four successive images of
each experiment. Considering the advection-dispersion case, the permanganate plume has a
regular and symmetric shape and moves with the water at the average linear pore water
velocity. Conversely, in the EK transport cases, although the nominal migration velocity is
comparable to the average pore water velocity in the advection-dispersion case, the shapes are
very different and the plumes appear to be substantially deformed with respect to the initial
circular shape. For instance, in scenario “EK equal”, the permanganate plume becomes
elongated and a smooth concentration gradient develops at the front. A similar but more
pronounced behavior is observed for scenario “EK low”, in which the permanganate plume has
a lower color intensity and is significantly more stretched in the longitudinal and transverse
directions. In contrast, in scenario “EK high”, the permanganate plume initially contracts and
assumes a darker color. Successively, as the plume migrates towards the anode, it develops an
elongated shape parallel to the applied electric field. The velocity of plume displacement for
“EK equal” and “EK high” is similar and comparable with the advection-dispersion scenario.
In these cases, the center of mass of the plume has traveled a distance of approximately 150
mm after 150 min. The small electrolyte concentration in the case “EK low” has a clear effect
of retarding the plume. After 150 min and despite the application of the same electric potential
gradient, the centroid of the “EK low” plume has covered only 2/3 of the distance (~100 mm)
of the other plumes.

Figure 1c illustrates the longitudinal profiles of the MnO4 concentrations at different times.
Such profiles were evaluated both from the pictures, using a calibration function relating the
color intensity to the tracer concentration, and from the outcomes of a 2-D forward model,

describing the physical and electrostatic processes in the setup®3"3°, The simulation results,
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showing the two-dimensional spatial distribution of the permanganate plumes at the different
times, are presented in Figure S4. In the first experimental scenario, with transport induced by
the hydraulic gradient, the permanganate concentration profiles are regular and follow the
classic theory of transport in porous media*, as shown by the good agreement of the
experimental observations with the advection-dispersion simulations (Figure 1c). The transport
becomes radically different when MnQOy” is displaced by electromigration. For instance, in the
“EK equal” experiment, the plume develops a smoother concentration front, whereas the back
of the plume presents a steep concentration profile even at late times. This behavior, inherently
dissimilar from advective-dispersive transport, can be simulated considering the charge
interactions and the coupled Nernst-Planck fluxes of the different charged species in the
domain.

The results of the numerical simulations allowed us to reproduce the experimental observations
very well, including the concentration values as well as the shape and the evolution of the
permanganate plume in the setup. In the scenario “EK low”, the permanganate plume starts to
expand and slowly displaces with a lower concentration with respect to the previous scenarios.
The peak concentration (~1 mol/m®) is in the order of the low background electrolyte
concentration in the pore water. Both the pictures and the longitudinal profiles also clearly
show a slower movement of the permanganate plume compared to the other experimental
scenarios. Conversely, in the scenario with high electrolyte background (“EK high”), the
concentration of the permanganate plume initially increases, with the highest value almost three
times the injected concentration. Successively, the plume migrates towards the anode with

similar velocity and smooth concentration fronts as in the scenario “EK equal”.

Charge interaction mechanisms

11
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Process-based numerical modeling is essential to mathematically describe electrokinetic
transport mechanisms, to visualize the spatial distribution of the delivered and of the
background charged species, to illuminate their coupled displacement and, ultimately, to allow
a quantitative interpretation of the experimental observations.

Figure 2a presents the simulated longitudinal concentration profiles of the different ions in the
experimental setup at the initial time and after 90 minutes. In the EK scenario with equal
background, MnOs moves towards the anode, whereas K* exits the porous medium to the
cathode reservoir. In such scenario, the major background ions (sodium and bicarbonate) are
uniformly present in the domain at the beginning of the experiment, except in the area where
they were displaced by the injected KMnQj4 solution. Upon application of the electric potential,
HCOs" is transported towards the anode, in the same direction of MnO4™. At the same time, the
major cation in the system, Na*, moves in the opposite direction towards the cathode. Note that
in every point, due to the condition of electroneutrality, the sum of equivalents of both cations
and anions must be the same. Consequently, the shape of the profiles of MnOs and HCOgz"
appear to be complementary as one anion can replace the other although together they cannot
exceed the charge that is carried by the cations in the same location. The smooth front of MnO4
and the low concentration of HCOz are mainly due to their different aqueous diffusion
coefficients (i.e., 1.50x10° for MnO4 and 1.09x10° for HCO3). The higher diffusivity of
MnOy, leads to its faster transport. However, such tendency is slowed down by the coupling
with HCOs", which needs to be displaced and the overall charge in the system has to be
balanced. As aresult, only a fraction of the permanganate front is able to proceed at the nominal
electromigration velocity imposed by the voltage difference at the electrodes, thus resulting in

a smooth front progressively advancing in the domain.
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265  Figure 2. Simulated concentrations of major cations (Na™ and K*), anions (HCO3 and MnO4
266 ) in the pore water and 2D electrolyte conductivity at different times. a cross-section
267 illustrating the transport of the major ions in the system a t=0 and t=90 minutes for all three
268  EKscenarios. The dashed lines represent the sum of all positive or negative charge equivalents
269 in the system whereas the shaded area indicates the initial zone where the tracer has been
270  injected. b normalized electrolyte conductivity maps with respect to the background
271 conductivity for the three EK scenarios at t=0 and t=90 minutes (upper and bottom rows,
272 respectively). The lines are the computed electric field streamlines passing through the central
273 zone of the porous medium, where the tracer was injected.
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In the experiment with lower background (“EK low”), the concentration of MnO4™ during
transport decreases significantly and approaches the values corresponding to the sum of the
equivalents of all cations in the background solution (dashed line in Figure 2a). This is the
result of the lower concentration of cations in the pore water, which limits the delivery of
permanganate. Only a fraction of the injected plume can enter the volume initially occupied by
the background electrolyte and starts to move towards the anode. The concentrations of Na*
and HCOs" in the injection zone increases to fulfil the charge balance in this portion of the
domain where higher amounts of K™ and MnO4 were initially injected. Finally, in the
experimental scenario with high background electrolyte (“EK high”), the increase of
permanganate concentration is the result of the high Na* present in the background (moving
towards the cathode), which requires a higher concentration of MnO4  (moving towards the
anode) to comply with the condition of electroneutrality. In this scenario, also the concentration
of both Na* and HCOs™ after 90 minutes in the initial area of injection is similar to the initial
concentration of K* and MnO4". Such situation is particularly interesting since the increase in
concentration, caused by electromigration fluxes (Figure S5) and resulting from the charge
interactions in the multicomponent ionic system, occurs against the natural concentration
gradient (Figure S6).

These experiments clearly show that the background electrolyte concentration controls the
mechanisms of electrokinetic transport and, thus, the delivery, the shape and the evolution of
the injected permanganate plumes. The driving force is indeed the electric potential gradient in
the system, which in turn is influenced by the electrolyte conductivity. The latter is a spatially
variable quantity in the considered setup, as illustrated in Figure 2b for all EK scenarios at t=0
and t=90 minutes. In scenario “EK equal”, despite the concentrations of the background and
the tracer solutions are the same, the conductivity of the injected KMnO4 plume is higher as a

result of the higher diffusivity of MnO4 and K" compared to the background ions. After 90
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minutes, the distribution of MnO4™ can be directly related to the electrolyte conductivity map
with a higher o, whereas the injection zone still shows a lower value of o, due to the lower
diffusion coefficients of the background ions that occupied the injection’s pore space. At this
later time, also the electric field streamlines are different and appear to focus on the area of the
permanganate plume, which has higher g, and has moved towards the anode. Similarly, in the
scenario with low background concentration, a strong focusing of the streamlines occurs in the
zone with initial injection of the plume where the higher o, results from the higher
concentration of the injected permanganate solution with respect to the background. This
phenomenon is due to the focusing of the electric field streamlines in zones with higher
electrolyte conductivity, where the intensity of the electric field is higher. Also in this case, a
subsequent defocusing of the streamlines causes a larger spreading of the permanganate plume.
At later times, the progressive distribution of the mass from the initial injection and the limiting
effect of the background electrolyte concentrations tend to suppress the differences in
conductivity.

For the scenario with high background electrolyte concentration, the streamlines show an
opposite pattern, first defocusing in the injection zone (low o,) and then focusing in the
direction of permanganate transport. In this case, it is possible to observe an increase of g, as
a result of the progressive increase in MnO4™ concentration, as the permanganate plume shrinks
during its displacement towards the anode.

Overall, the computed 2D maps of electrolyte conductivity illustrate the evolution of this
property in the domain and the effects on the electric potential streamline patterns, which
directly affect the observed shape and propagation of the permanganate plume in the
experimental setup. Interestingly, during EK also the initial conditions of the system such as
local differences in g, between the injected tracer solution and the background are maintained

at later times and such effects only dissipate slowly as a result of diffusion.
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Plume spreading and mixing

Transport of solutes in porous media results from complex pore-scale flow and mass transfer
processes that determine the macroscopic shape and evolution of injected plumes. Metrics
allowing the quantification of plume spreading and mixing are essential to describe solute
transport in porous domains*#2, The second central spatial moments, quantifying the mean
displacement of the concentration distribution from the plume centroid, are typically evaluated
to characterize plume spreading®. Here we determine the moments of the permanganate
plumes observed in our experiments as well as in the model simulations. To determine plume
mixing, instead, we use the concept of the dilution index, a metric based on the Shannon
entropy that quantifies the effective volume occupied by the plume**. Plume spreading and
mixing are evaluated for all conservative scenarios with the equations summarized in the
Supporting Information (Section S4). Figure 3a shows the permanganate plumes after 90
minutes from the injection for the four considered experimental scenarios. The pictures clearly
show different plume shape, mass distribution and solute concentration resulting from the
transport and electrostatic mechanisms in the experiments performed. The longitudinal and
transverse second central moments exhibit a distinct behavior in the experiments (Figure 3b).
In the advection-dispersion scenario, the longitudinal and transverse moments show a gradual
increase due to hydrodynamic dispersion at the plume fringes. In the EK scenario with the same
background concentration (“EK equal”), instead, the permanganate plume spreading is larger
both in the longitudinal and in the transverse directions. Spreading in both directions is very
pronounced in the experiment with low concentration of the background electrolyte in which
the observed permanganate concentrations are low and the plume spreads over a large portion
of the porous medium. The trends of the computed moments show higher slope at the

beginning, indicating that the spreading enhancement is more effective at early times. In the
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scenario “EK high”, the plume initially shrinks and then spreads. Such behavior is apparent
from the computed moments, showing decreasing values from the initial injection followed by
an increase as the plume is displaced towards the anode. The rate of increase is more
pronounced in the longitudinal direction, resulting in higher moments at late times compared
to the advection-dispersion case. For all the cases, the spatial moments from the 2-D

simulations allow capturing the trends computed from the experimental data.

Figure 3. Metrics of spreading and mixing. a images of the permanganate plumes for the
different scenarios at t=90 minutes. b Second central spatial moments, dilution index and peak
concentration expressed as a function of time. The solid lines indicate model predictions

whereas the shaded areas represent the experimental results.

Figure 3b also shows the evolution of the dilution index and the peak concentration of the
permanganate plumes. Such metrics are intrinsically related*** and quantify the capability of

the injected plumes to effectively mix with the background pore water. In the advection-
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dispersion case the dilution index shows a mild linear increase, as expected for transport in a
two-dimensional homogeneous porous medium, E~t™2, where n is the dimensionality of the
system*. Dilution appears to be stronger in the “EK equal” and “EK low” scenarios. In
particular, the latter case exhibits more than double increase in the plume dilution. These results
show the capability of EK transport to effectively distribute the mass of the injected tracer over
a larger pore water volume. Different, and perhaps even more interesting, is the case “EK high”.
In such scenario the dilution index shows a non-monotonic trend with an initial decrease
(approximately half of the initial value during the first 30 minutes) followed by an increase to
a level similar to the dilution of the injected circular plume. The initial trend of the dilution
index of the MnOs plume is counterintuitive based only on conventional mass transfer
mechanisms, since it indicates that the plume decreases its entropy. However, as explained
above, the plume shrinking, the peak concentration increase (almost three times the injected
values) and the dilution decrease are due to the electrostatic interactions with the ions present
at high concentration in the background pore water electrolyte and to the electroneutrality

constraint.

Reactive transport experiments

These experiments explored the displacement and degradation reaction of MnOs under
advective-dispersive and electrokinetic transport. Permanganate was delivered in the porous
media with a background electrolyte containing glucose (8 mol/m® as model organic
compound. When these two reactants come into contact an oxidation-reduction reaction occurs,
which is described as a bimolecular reaction kinetics. In this set of reactive transport
experiments, the same EK scenarios with equal, low and high background concentration of

electrolytes were investigated and the results are illustrated in Figure 4.
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Figure 4. Reactive transport experiments and model analysis. a images showing the temporal
evolution of the reactant plumes. b simulated reaction rates, considering a limiting threshold
of 2x10° mol/m?s for all scenarios that allows the visualization of the different reaction
patterns. c evaluation of the area for the mixing-controlled reaction and of the MnO4  mass

simulated in the different scenarios.
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Figure 4a shows the evolution of the reactive system for the different scenarios over time. In
case of advection-dispersion, the reaction occurs at the fringe of the plume, where the
permanganate mixes with the glucose in the background pore water by hydrodynamic
dispersion. When the two solutes come into contact, the mixing-controlled reaction occurs. The
reaction area is visible from the pictures showing the formation of oxidation products at the
plume fringe and also from the numerical simulations. In this scenario the reactive fringe moves
with the permanganate plume in the same direction of the advective flow (Figure 4b).

In case of EK transport, the mixing mechanisms and the resulting patterns of reactants and
products distribution are completely different (Figure 4a-b). The applied electric field causes
the displacement of permanganate by electromigration but has no effect on the non-charged
glucose. Therefore, the mixing pattern resembles chromatographic mixing with an effective
overlap of the displaced permanganate with the immobile organic compound in the pore water.
The reactive zone is large, extending to the whole area of the plume, and is not restricted to a
thin fringe at the plume boundary. Indeed, in case of EK transport, more extensive degradation
and more effective consumption of permanganate are observed. It is also of interest to note the
effects of the different background electrolyte concentrations in the distinct EK reactive
transport experiments. When the electrolyte background solution has an equal concentration
with respect to the injected permanganate, the reaction occurs effectively and, after 150
minutes, almost all MnO4™ has been consumed. In the case with low background electrolyte
concentration, the MnO4 plume spreads significantly and its concentration in the porous
medium is limited by the background electrolyte. Such behavior results in a large mixing area
but in a considerably slower reaction kinetics leading to only partial consumption of the
oxidant. Therefore, the slow kinetics of the redox reaction is the overall rate-limiting step,
resulting in the presence of a significant permanganate plume even after 150 minutes. Lastly,

in the experimental scenario with higher background concentration, the permanganate plume

20



423

424

425

426

427

428

429

430

431

432

433

434

435

436

437

438

439

440

441

442

443

444

445

446

shrinks and its concentration is increased. The mixing area is smaller but reactive mixing is
effective due to the higher concentration of MnO4™ leading to faster reaction kinetics and to an
almost complete consumption of the permanganate plume.

Figure 4b illustrates the spatial and temporal distribution of the mixing-controlled reactive
zones in the different scenarios. The evolution of the computed mixing area and of the reaction
efficiency, quantified through the computed mass of permanganate in the domain, are shown
in Figure 4c. The mixing area is larger in the cases “EK equal” and “EK low” in which
permanganate electromigration and the composition of the background electrolyte solution lead
to an extended mixing zone. Such area of contact between the reactants reaches a maximum
and, successively, starts to decrease due to the consumption of the permanganate plume. The
mixing area is considerably more limited in the “Advection-Dispersion” and “EK high”
experiments. In these cases the values reached are similar but, as discussed above and
illustrated in Figure 4a-b, the shape of the mixing zone is completely different due to the
different transport mechanisms. Considering the degradation of the permanganate plumes upon
reaction with the glucose in the pore water, the simulations show nonlinear decreasing trends
of the remaining mass with significantly higher permanganate consumption in presence of
electrokinetic transport. In particular, the cases “EK equal” and “EK high” show the highest
efficiency and the lowest mass of permanganate in the system at the end of the simulation. In
these cases the simulation outcomes show that 75% of the initial permanganate mass was
consumed. A smaller efficiency (70% of the initial mass consumed) characterized the scenario
“EK low”, whereas the lowest efficiency was observed in the advection-dispersion case in

which only 35% of the initial permanganate mass was consumed.

Implications for electrokinetic applications
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Our investigation highlights important aspects and mechanisms of both scientific and practical
relevance for electrokinetic transport of charged species in porous media, which is of crucial
importance in different disciplines and has a wide range of current and potential applications
in geological, environmental, industrial and biological systems. We demonstrate that the pore
water chemistry and microscopic Coulombic interactions can both limit and/or enhance the
delivery of charged tracers by electrokinetics. The EK transport experiments performed clearly
show that when the background concentration of the cations or anions is significantly smaller
than an injected charged tracer, the tracer concentration that it possible to deliver by
electromigration is limited by the concentration level of the background electrolyte solution.
The ionic composition of the pore water also controls the tracer displacement, impacting the
movement of the center of mass as well as the shape and spreading of the plume both in
longitudinal and lateral directions. Moreover, the dilution of the injected tracer depends on the
background electrolyte that, when present at high concentration, can even lead to a decrease of
the dilution and the entropy of the plume and to an increase of its peak concentration. Of
environmental significance are also the outcomes of the reactive transport experiments showing
fascinating aspects of electrokinetically-induced charge species’ mixing, leading to different
mass removal efficiencies and to quantitatively important effects of the pore water chemistry
on the kinetics of mixing-controlled degradation.

This investigation opens interesting perspectives on the possibility to employ microscopic
charge interactions to control macroscopic transport and to design innovative delivery
strategies in porous media that can be effectively implemented in practical applications, such
as soil and groundwater remediation. The mechanistic understanding of the fundamental role
of background electrolyte composition for the delivery of charged species during EK and the
developed process-based model, will allow the improvement of the performances of

electrokinetic distribution techniques for nutrients®®#6-*8 and reactants**? in subsurface
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porous media. Specific examples include the quantitative assessment of the amounts and
distribution of delivered species, the optimization of voltage values, and the planning of
delivery strategies such as alternating active/inactive EK phases. Applications for subsurface
remediation encompass both low-permeability zones?? but may also be employed to enhance
mixing and degradation of contaminant plumes in permeable aquifer systems, where poorly
mixing flow and transport regimes and mass transfer limitations® represent typical bottlenecks
to effective remediation. The detailed process knowledge obtained in this study will also be
instrumental for quantitative understanding of electrokinetic transport in heterogeneous porous
media, where high spatial variability of physical and chemical properties (e.g., permeability,
porosity, surface charge and pore water composition) will affect the electrokinetic delivery of
reactants, and where strong interactions between the different electrokinetic transport processes
will impact the effectiveness of in situ EK interventions. Finally, the combined experimental
and process-based modeling approach proposed in this study could be extended and further
developed for the use of different tracers and reactants, including micro- and nanomaterials for

subsurface remediation®*%°,
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