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A B S T R A C T

The effect of physical heterogeneity on the electrokinetic (EK) transport of nitrate, an electron acceptor

frequently used for anaerobic biodegradation, was investigated experimentally within saturated granular

porous media comprising two layers of high and low hydraulic conductivity (K) material. Two hypotheses

were tested: firstly, that the presence of layered physical heterogeneity will generate non-uniformities in

the electric field; and secondly that this would create non-uniform electromigration of ions resulting in

an additional nitrate flux into the lower-K layer. Experiments were conducted in bench-top test cells that

contained electrode and sediment chambers. An aqueous nitrate solution (0, 0.1, 1 and 5 g-NO3 L
�1) was

added at the cathode and the experiments run with an idealised mixture of glass beads and kaolinite, and

natural sediment and kaolinite. A constant current (1.6 A m�2) was applied in all experiments. Results

showed elevated voltage differences between layers in heterogeneous experiments compared to

equivalent homogenous experiments. Furthermore, nitrate concentrations are elevated in the low-K

material in heterogeneous compared with homogeneous systems. Using predicted values this is shown to

be a function of a transverse flux associated with the voltage difference between layers. The importance

of this phenomena at field scale for delivery of an amendment (i.e., electron acceptor, donor or nutrient)

by EK for bioremediation is presented in an electron balance model. Overall, this research establishes and

quantifies a previously unreported important phenomenon in the electrokinetic transport literature that

enhance the application of this technology for bioremediation of contaminated aquifers.

ã 2016 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

Aqueous phase contaminant plumes within physically hetero-

geneous aquifers (where hydraulic conductivity (K) varies) present

a long-term management challenge. Contaminants can become

sequestered in low-K zones within heterogeneous settings and

persist as secondary sources of groundwater contamination. This

occurs due to the presence of concentration gradients across the

interface between a low-K zone and high-K host matrix that drives

diffusion of contaminants into the low-K zone [1]. This concentra-

tion gradient is reversed after advection of contaminants from the

high-K host matrix, resulting in back-diffusion of contaminants

sequestered in the low-K zone into the host matrix over long time-

scales, which prolong remediation efforts [2] in situations where

the mass flux relative to natural attenuation processes is sufficient

to give rise to a site-specific risk. These scenarios are difficult to

treat by conventional hydraulic-based techniques, such as pump

and treat, due to this mass transfer limitation in low-K materials.

Electrokinetics (EK) is a technique that initiates solute transport

phenomena independent of K, by applying direct current to porous

media. EK processes comprise electromigration, electroosmosis

and electrophoresis, which can be coupled with other technolo-

gies, such as bioremediation to enhance biodegradation of organic

compounds in situ. At the micro-scale EK transport can increase

mixing and improve contact between microorganisms, contam-

inants and nutrients to enhance bioaccessibility [3]; and at the

macro-scale by increasing the supply of electron acceptors

supporting biodegradation [4]. EK enhanced bioremediation (EK-

BIO) is a potentially suitable technology to treat biodegradable

compounds in physically heterogeneous settings, where EK can be

used to overcome physical limitations on in situ biodegradation.

In advection-dominated systems there is limited flow across

high- to low-K boundaries. Therefore, in physically heterogeneous

settings bioremediation of low-K zones will be limited by the
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distribution and mixing of microbes and solutes [5]. In EK

dominated systems physical heterogeneity is less inhibiting

because the electric field is not directly affected by K. EK can be

used to directly remove contaminants, such as lead and phenan-

threne, from heterogeneous settings by electromigration and

electroosmosis [6,7] and also introduce amendments within

heterogeneous settings. For example, Reynolds et al. [8] migrated

potassium permanganate into clay blocks within a high perme-

ability host material to show the effectiveness of coupling EK with

in situ chemical oxidation. However spatial changes in material

type will still exert a control on solute migration by EK. Gill et al. [9]

showed that the transition from high- to low-K porous media

corresponds to a decrease in nitrate mass flux and increase in the

voltage gradient. Both factors depend on the effective ionic

mobility (EIM), itself a function of the porosity and tortuosity of a

porous medium [10].

Electric fields in homogeneous 2-D settings can be non-uniform

and create tortuous migration pathways for solute migration

between electrodes [11]. Physical heterogeneity affects the

arrangement of electric fields and will therefore create non-

uniform flow paths relative to the distribution of high- and low-K

zones [9]. These non-uniform flow paths are equivalent to fluxes

and are important when trying to understand the efficacy of

amendment delivery by EK in a remediation scenario.

The objectives of this study were to deduce the effect of EK

transport on nitrate migration within homogeneous and hetero-

geneous settings, identify the controlling mechanisms for any

differences observed and determine the influence of variations in

nitrate concentration on amendment flux. Heterogeneity in this

study is represented by two layers of granular porous media with

different K values. The following hypotheses were tested:

1. A small voltage difference will exist between layers of material

with different EIM values, due to the subsequent variation in ion

mass flux into the sediment and effective electrical conductivity.

Furthermore, this difference will increase with nitrate concen-

tration;

2. This difference in voltage gradient will create an associated

electromigration mass flux between layers and can be quanti-

fied by comparing nitrate transport in heterogeneous and

homogeneous systems.

2. Materials and Methods

2.1. Material properties

The porous medium was created with two materials: soda-

lime-silica glass beads (Potters Ballotini Ltd), to represent an ideal

system, and silica sand (David Ball Group PLC and Marchington

Stone Ltd), to represent natural sediment. Homogeneous and

heterogeneous configurations of these materials were developed,

the latter having a layered contrast between high- and low-K

media. High-K and low-K material was produced for both glass

beads and natural sediment (Table 1). High- and low-K material

have respectively large and small grain sizes, with extra kaolin clay

(Speswhite, Imerys Performance Materials Ltd) added to the low-K

material to further reduce the K value. These are similar to the

materials used in experimental work described in Gill et al. [9].

Further information on material properties and the consolidation

method used for homogeneous experiments is in the supporting

information (Sections S.1.1 and S.1.2 respectively). The layered K

contrast was achieved by first wet packing the low-K material into

the test cell until the compacted material filled half the chamber.

The surface of the low-K material was smoothed with a metal

spatula and the loose high-K material added above and consoli-

dated using the shaker Table method (see supporting information,

Section S.1.2). After the addition of high- and low-K material the

chamber lid was secured before saturation of the media with

synthetic groundwater.

A synthetic groundwater was used to simulate an electrical

conductivity of 700 mS cm�1, based on natural groundwater

sampled in a UK aquifer [12]. This was achieved using a NaCl-

deionised water solution (0.3 g-NaCl L�1), prepared with deionised

water sterilised by tangential flow filtration unit (1 mm filter). The

test cells containing the consolidated material were saturated with

synthetic groundwater from the base up at a low flow rate to

remove entrapped air and then sealed.

2.2. Bench-scale setup

An experimental test cell was developed for the preparation of

reproducible sections of packed materials with high- and low-K

(Fig.1). This is the same test cell used in Gill et al. [9], further details

are in the supporting information, Section S.1.3.

After consolidation and enclosure of material in the test cell

synthetic groundwater and the amendment solution was circulat-

ed at 10 mL min�1 from the reservoir tank into the cathode

chamber using a peristaltic pump (Ismatec, REGLO MS-4/8). This

was done until the fluid in the cathode chamber had been

displaced to waste (approx. 3.5 h). A baseline sample of the pore

fluid (using ports along the cell side) was taken before direct

current was applied to the system from a power pack (Digimess,

PM6003-3).

Samples of pore fluid for chemical analysis were taken every

2 days during the experiment, with the exception of a 4-day break

between the 5th and 6th sampling time points (at days 10 and 14).

Within the sediment chamber, eight narrow bore (ID = 0.5 mm)

PEEK tubes were distributed in two rows of four, one for each of the

high and low-K layers, with an extra sampling tube in each

electrode chamber. Sampling tubes were placed inside the

sediment chamber prior to consolidation and material packed

around them. Blockages were prevented by fitting a small

(5 �10 � 20 mm) cube of porous sintered glass to the end of each

tube. Each pore fluid sample was 1 mL to ensure minimal

disturbance. Ten voltage probes consisting of 4 mm diameter

316 stainless steel rods housed in HDPE piping and distributed in

two rows of five, one for each of the high and low-K layers. Voltage

Table 1

Properties of material used in experiments.

Material Porosity, n (�) K (m s�1) Grain Diameter (mm) Relative composition (%)

Glass Beads High-K 0.30 9.2 � 10�4 (�8.8 � 10�5) 1.4 100

Low-K 0.34 5.7 � 10�7 (�2.4 �10�7) 0.25

0.50

Kaolin

80

10

10

Silica Sand High-K 0.39 7.0 � 10�4 (�4.9 � 10�5) 2.4–1.2 100

Low-K 0.44 5.9 � 10�7 (�2.8 � 10�8) <0.15

Kaolin

90

10
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and electric current was logged every 24 h during tests using a

multimeter (Digitek, DT-4000ZC). All heterogeneous experiments

included two layers of sampling ports, although the majority of the

homogeneous media tests used a single layer of sampling ports in

the centre of the test cell.

Nitrate was selected as it is a representative ionic amendment

used extensively in electrokinetic-bioremediation studies [4].

Bromide was used as a conservative tracer in control experiments

under an electric field as it has similar electromigration transport

properties to nitrate. Amendments were added to the cathode at a

rate of 1.5 mL min�1 from a 10 L reservoir tank maintained at a

constant concentration of either nitrate or bromide solutions. The

reservoir tank was topped up at regular intervals.

2.3. Analytical methods

Samples of pore fluid were analysed for major ions (nitrate,

chloride, bromide, sulphate, sodium and potassium) and pH and

electrical conductivity using ion selective electrodes and standard

methods. More detail on the analytical method for the major ions

analysis is in the supporting information, Section S.1.4.

2.4. Electrokinetic apparatus and test conditions

A direct current was applied at a constant current strength of

25 mA (1.6 A m�2) to allow more effective control of pH changes at

the electrodes. A peristaltic pump (Ismatec, Ecoline VC-MS/CA 8–

6) was used to circulate acid and base solutions (1 M HCl and

NaOH) to the cathode and anode, respectively, to neutralise

electrolysis reactions as follows:

Anode : 2H2O � 4e� ! 4Hþ þ O2 ð1Þ

Cathode : 4H2O þ 4e� ! 4OH� þ 2H2 ð2Þ

The rate of acid (H+) and base (OH�) generation can be estimated,

assuming steady-state electrolysis and 100% Faradaic efficiency at

the electrode [13]:

RHþ ¼
I

F
ð3Þ

where RH
+ is the rate of H+ (or OH�) generated (mol s�1). These

values were used to determine the volume of acid or base required

to neutralise electrolysis reactions, dosing being controlled by a

timer and applied every 3 h. The pH of the electrode chambers was

checked every two days by removing a 1 mL aliquot and manually

titrating it to pH 7 if required. Furthermore, applying a constant

current creates a fluctuation in the voltage gradient which

subsequently effects the rate of electrokinetic transport processes.

This can be accounted for by normalising mass transport processes

to the voltage between electrodes. Details on electrode properties

are in the supporting information, Section S.1.5. In experiments

where electroosmotic flow was evident a Mariotte bottle was used

to ensure that the anode compartment was not depleted of water

and no hydraulic gradient developed. This was only relevant in

homogeneous systems because any fluid transport by electroos-

mosis in heterogeneous systems could be countered by fluid flow

through the high-K section.

2.5. Testing program

The details of all experiments run are shown in Table 2.

Heterogeneous experiments comprised two layers of high- and

low-K glass bead/kaolin mixes, one run without nitrate (HET_1)

and three with different starting concentrations (0.1, 1 and 5 g-

NO3
� L�1, HET_2-4, respectively). Homogeneous experiments

Fig. 1. Schematic of test cell design (volume 7.5 L), showing sediment chamber

containing high and low-K zones (light and dark shades respectively), voltage

probes (O) and sampling ports (X). Electrode chambers (each 2 L), power supply, pH

control and amendment delivery mechanisms are included.

Table 2

Design of nitrate migration and control experiments.

Name EK Properties Reservoir Tank Properties Sediment Properties Reps

Current applied Current (mA) Ion Conc

(g L�1)

Type Configuration

HOM_1 Yes 25 – – GB HOM (Low-K) 1

HOM_2 Yes 25 NO3
� 0.1 GB HOM (Low-K) 1

HOM_3 Yes 25 NO3
� 1 GB HOM (Low-K) 2

HOM_4 Yes 25 NO3
� 5 GB HOM (Low-K) 1

NS-HOM_5 Yes 25 NO3
� 1 NS HOM (Low-K) 1

HET_1 Yes 25 – – GB HET 1

HET_2 Yes 25 NO3
� 0.1 GB HET 1

HET_3 Yes 25 NO3
� 1 GB HET 2

HET_4 Yes 25 NO3
� 5 GB HET 1

NS-HET_5 Yes 25 NO3
� 1 NS HET 1

C-HOM_1 Yes 25 Br� 1 GB HOM (High-K) 1

C-HOM_2 Yes 25 Br� 1 GB HOM (Low-K) 1

C-HOM_3 No – Br� 1 GB HOM (High-K) 1

C-HET_1 No – Br� 1 GB HET 1

R.T. Gill et al. / Electrochimica Acta 199 (2016) 59–69 61



consisted of the same low-K material used in heterogeneous

experiments, with one containing no nitrate (HOM_1) and three

with different starting concentrations (0.1, 1 and 5 g-NO3
� L�1,

HOM_2-4, respectively). Furthermore, both homogeneous and

heterogeneous scenarios were run using natural sediment with a

nitrate concentration of 1 g-NO3 L
�1 (NS-HOM_5 and NS-HET_5,

respectively). Two types of control experiments using bromide

were run, in which (1) no electric field was applied, to isolate the

influence of extracting fluid from the sediment (C-HOM_3 and C-

HET_1), and (2) a homogeneous system with two layers of

sampling and voltage ports, to confirm that any difference between

layers is not an artificial variation caused by the bench-scale setup.

Replicates of homogeneous and heterogeneous systems were run

for experiments at 1 g-NO3
� L�1 (Table 2). All experiments were

run for 336 h, except the bromide tracer experiments (192 h). The

first pore fluid sample was taken 24 h after the baseline and then

every 48 h to ensure minimal disturbance of the system.

3. Results and Discussion

3.1. Influence of sediment configuration on voltage gradient

3.1.1. Observed voltage difference between layers in heterogeneous

and homogeneous sediments

Voltage readings taken at the same point along the sediment

chamber and different heights show a greater difference in

heterogeneous experiments than homogeneous experiments. This

is shown in Fig. 2 where values are derived by subtracting the

voltage reading of the high-K layer from the low-K layer and

normalising the difference against the voltage between electrodes.

Further analysis on how these values are derived from the voltage

profile between electrodes is in the supporting information,

Section S.2.1. The values in Fig. 2 are averages of the voltage

differences observed over 10 time points after 95 h until the end of

the experiment (336 h). Values are taken after 95 h to account for:

(1) equilibrium with respect to nitrate mass flux into and out of the

sediment chamber; and (2) the influence of nitrate migration

through the sediment on the voltage difference through sediment.

Further analysis is provided in supporting information,

Section S.2.2. The values in Fig. 2 are normalised to the voltage

between electrodes to account for the influence of applying a

constant current. The influence of a variable voltage gradient

between electrodes on experimental parameters and the normal-

isation method are discussed in the supporting information,

Section S.2.3. Values for both HET_3 replicates are included in Fig. 2

(HET_3.1 and HET_3.2).

Positive and negative values in Fig. 2 indicate a higher voltage in

the low- and high-K layers, respectively. Heterogeneous experi-

ments have a predominantly positive voltage difference between

layers, whereas the differences in homogeneous experiments are

minimised, and either positive or negative. The heterogeneous

experiment (Fig. 2A) with the highest nitrate concentration added

at the cathode, HET_4, has a higher consistent voltage difference

compared with other experiments. HET_3.1 shows a high peak

adjacent to the anode, that is not sustained across the remaining

sediment. This is in contrast to replicate HET_3.2 where the voltage

difference is comparable to the remaining experiments. Homoge-

neous experiments (Fig. 2B) cover the range of material properties

applied in this study (high-K, C-HOM_1; low-K, C-HOM_2; and

low-K natural sediment, NS-HOM_5) and there is minimal

difference between experiments (Fig. 2B). This implies that the

properties of the heterogeneous system create this phenomenon.

3.1.2. Conceptual model of mechanisms controlling voltage differences

between layers

A conceptual model for the processes in the heterogeneous

experiments is presented in Fig. 3 to develop the observations in

Section 3.1.1. The principal mechanism is the transfer of electrical

current between layers that distorts the electric field accordingly.

In order for the experimental system to replicate the conceptual

model it must exhibit two specific properties: (1) the resistivity of

the low-K layer must be greater than the high-K layer; and (2) a

resistivity gradient must exist in the low-K layer, increasing in

magnitude between the anode and cathode, that is greater than the

resistivity gradient in the high-K layer. These two properties

ensure that the preferential flow path for electric current is from

the low- to high-K layer.

The conceptual model is based on observations made in Gill

et al. [9], where a K contrast (equivalent to a spatial change in EIM)

is arranged in series. The study indicated that zones of low EIM

(low-K zones) corresponded to areas of low mass transport and a

high voltage gradient compared with adjacent material with a high

EIM (high-K zones). These observations apply to the conceptual

model because the EIM is proportional to the electric current

density [10], implying that current density will be higher in the

high-K layer than the low-K layer (assuming a uniform distribution

of ions). However, these are highly dynamic systems where the

movement of electric current within a 2D setting is variable and
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Fig. 2. Voltage difference between upper and lower sediment layers, normalised to the voltage between electrodes (VE), against normalised distance from cathode. Graphs A

and B show values from heterogeneous and homogeneous experiments, respectively. Error bars are one standard deviation from the mean.
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subject to numerous factors, with implications for the voltage

difference between layers. For example, the shift in electric current

depicted in Fig. 3 is fairly uniform and corresponds to a voltage

difference between layers most similar to HET_4 (Fig. 2A). This

contrasts with profiles from other heterogeneous experiments

which indicate that current transfer is not uniform and can occur at

different locations along the sediment chamber. This is repre-

sented by either a single or double peak in the voltage difference,

e.g. HET_2 and HET_3.1 or HET_1, respectively (Fig. 2A).

The natural sediment experiment exhibits a small voltage

difference between layers compared to the other glass bead

experiments. The conceptual model suggests that this is due to

minimal current transfer between layers. Certain properties of the

low-K layer could create this effect. Electroosmotic flow is

observed in the homogenous natural sediment experiment (see

Section 3.2.1). This indicates that there is a sufficient surface charge

within the low-K material to sustain electroosmotic flow. Hence, a

greater proportion of the electric current could be transferred by

this charge. The implication for the conceptual model is that the

low-K layer of natural sediment will be more electrically

conductive, minimising the movement of electric current from

low to high-K layers and thus the voltage difference between

layers.

3.1.3. Relationship between voltage difference and pore fluid resistivity

The effective resistivity is a property of the major ion

composition of the pore fluid and is used to demonstrate how

experimental observations adhere to the conceptual model out-

lined above (Fig. 4A–F, values for experiments HET_1 to NS-

HET_5 and C-HOM_2). The parameter is derived from the effective

electrical conductivity [10]:

s� ¼
XN

i¼1
Fziu

�
i Ci ð4Þ

where s* is the effective electrical conductivity (S m�1); F is the

Faraday constant (C mol�1); and parameters relating to ion, i: zi is

ion valence; ui
* is the effective ionic mobility (m2V�1 s�1); and Ci, is

the solute concentration (kg m�3). The concentration, EIM and

valency of major ions (sodium, chloride, nitrate, sulphate and

potassium) in the pore fluid are used. The EIM is determined by

[14]:

u�
i ¼ ui n t ð5Þ

where ui is the ionic mobility (m2V�1 s�1); n is porosity (�); and t
is tortuosity factor (-). Values for porosity are defined in Table 1,

tortuosity values for glass beads/kaolin mix are 0.56 and 0.30 for

high- and low-K material, respectively [9]. The EIM for nitrate in

high- and low-K materials is 1.3 � 10�8 and 7.5 �10�9m2V�1 s�1;

the EIM values for other major ions are in in the supporting

information (Table S.1). Effective resistivity is the reciprocal of

effective electrical conductivity:

r� ¼
1

s�
ð6Þ

where r* is the effective resistivity (V m). The EIM for the materials

in this experiment have already been characterised in a previous

study [9] and observed lower values for the low-K compared to the

high-K material. Therefore, based on equations (4)–(6), low-K

material will have a higher effective resistivity compared to high-K

material assuming uniform ion concentration.

In Fig. 4, effective resistivity is normalised to the voltage

difference between electrodes. Some experiments are not included

in Fig. 4 because blocked sample tubes limited sampling; these

include HET_3.2, C-HOM_1 and NS_HOM_5. An ion charge balance

was conducted for all experiments to confirm solute transport

behaviour (see supporting information, Section S.2.5).

The conceptual model in Fig. 3 requires a higher resistivity in

the low-K layer relative to the high-K layer. The smallest difference

in resistivity between layers is for experiments HET_1, HET_2 and

C-HOM_2 (Fig. 4A, B and F respectively). Both HET_1 and

HET_2 represent experiments where no nitrate or a small amount

of nitrate (0.1 g-NO3 L
�1) is added at the cathode. Under these

conditions there are less ions migrating into the sediment to

enhance the differences between layers. Conversely in homoge-

nous experiment C-HOM_2, 1 g-Br L�1 is added at the cathode, but

there is minimal difference between sample port layers across

most of the sediment, except adjacent to the cathode. When

compared against other heterogeneous experiments, HET_3.1 and

NS-HET_5 (Fig. 4C and E respectively) with a similar 1 g-NO3 L
�1

nitrate addition, it is evident that the effect on resistivity is

Fig. 3. Conceptual diagram showing the direction and movement of electric current (solid lines with arrow heads) through a layered heterogeneous system and subsequent

effect on voltage field (dashed lines). Open circles represent the location of voltage probes; the difference between readings from high- and low-K layers is shown in closed

circles below.
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minimised in the homogeneous setting. Furthermore, Fig. 4D

(HET_4) shows the greatest difference in resistivity between layers,

which corresponds to the highest concentration of nitrate added at

the cathode (5 g-NO3 L
�1).

There is evidence of a potential link between the concentration

of nitrate added, subsequent scale of effective resistivity difference

(Fig. 4A–E) and the voltage difference between sediment layers

(Fig. 2A). Experiment HET_4 has the highest nitrate concentration

and difference in effective resistivity (Fig. 4D), which corresponds

to the highest consistent voltage difference (Fig. 2A). In other

experiments with an increase in nitrate added at cathode and

resistivity between layers (e.g. HET_1, HET_2, HET_3.1 and NS-

HET_5, Fig. 4A–C and E respectively), there is no corresponding

increase in the voltage difference (Fig. 2A, experiments HET_1,

HET_2, HET_3.2 and NS-HET_5). However, these experiments have

a voltage difference within the same range (maximum and

minimum values between 0.02 to 0.005 V/VE, respectively,

Fig. 2A). This suggests that the voltage difference between layers

increases as more nitrate is added at the cathode, but also that

there is a threshold value at which greater differences are observed
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Fig. 4. Profiles of effective resistivity (r*) normalised to the voltage between electrodes (VE). Graphs represent experiments: A, HET_1; B, HET_2; C, HET_3.1; D, HET_4; E, NS-

HET_5; F, C-HOM_2. Closed circles series represents data from the low-K (Tier 2 sampling ports) and open circles series represents high-K (Tier 1 sampling ports). Values are

an average of 10 time points after 95 hours and error bars are one standard deviation from the mean.
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beyond the effect of background ions. This could be linked to the

proportion of the total electrical conductivity of the system,

contributed by the nitrate. For example, in these experiments

nitrate in HET_2, HET_3.2 and HET_4 contributed 3.4% (�0.3%)

22.6% (�1.0%) and 67.2% (�5.5%), respectively, of the total

electrolyte (based on Equation (4) using ions: nitrate, chloride,

sulphate, sodium and potassium).

The presence of an effective resistivity gradient increasing from

anode to cathode is an important aspect of the conceptual model

(Fig. 3) and is observed in all heterogeneous experiments for either

the low-K or both high and low-K layers (Fig. 4). The presence of a

resistivity gradient that is higher in the low-K layer than high-K

layer ensures electric current travelling from the anode will shift

between layers as it moves towards the cathode. If the gradient was

equal or absent both the high- and low-K layers would act as

resistors in parallel and no voltage gradient difference would be

observed. It is difficult to elucidate a direct relationship between

the observed voltage differences and resistivity gradients because

additional factors could be influencing the electric field. For

example, all experiments in Fig. 2A show a divergence towards the

centre of the sediment section and recombine towards the

electrode chambers. There is no evidence for this in the resistivity

profiles, therefore the electric current could be influenced by

additional factors, such as edge effects exerted by the interface

between the electrode and sediment chambers. However, resistiv-

ity gradients could help explain HET_3.1 in Fig. 2A, which shows a

high peak adjacent to the anode that is not observed in the

replicate, HET_3.2, or equivalent natural sediment experiment, NS-

HET_5. The resistivity profile for HET_3.1 in Fig. 4C clearly shows a

high gradient adjacent to the cathode that is not observed to the

same extent in NS-HET_5, Fig. 4D or other heterogeneous

experiments. The locations of voltage difference and resistivity

peak do not match, although if they are linked it would imply that a

shift in electric current between layers is highly sensitive to sharp

peaks in resistivity. Future experiments should consider a higher

resolution of sample ports to enable more effective comparisons

between the voltage difference between layers and pore fluid

properties.

3.1.4. Influence of experimental parameters on voltage difference

between layers

The voltage difference between layers of sediment may be

sustained by the experimental setup, creating a constant rather

than a transient effect. Under ideal conditions the phenomenon

observed in these experiments could be assumed to dissipate once

at steady-state. At this point, ion concentrations within layers

would have equalised and therefore electric current would be

carried proportionally through each layer and not be transferred

between them to create the voltage difference. The experimental

processes that could influence the voltage difference include those

that increase ion concentrations within the sediment chamber

over time and prevent it from reaching a steady-state. For example,

the pH control system could contribute to the generation of a

resistivity gradient based on an imbalance between the ion flux

into the sediment at the anode and cathode boundaries. Further

analysis is in the supporting information, Section S.2.6.

3.2. Transverse nitrate flux

The difference in voltage between layers is equivalent to a

gradient and therefore a transverse electromigration mass flux.

This is shown in Fig. 5. Nitrate migrates into the sediment from the

cathode boundary. Within the sediment, the voltage difference

between layers creates an associated transverse flux of nitrate. This

phenomenon is demonstrated by characterising nitrate migration

in homogeneous sediment and then predicting the nitrate

concentration in the heterogeneous low-K layer by quantifying

the flux between layers. These results relate to the second

hypothesis presented in the introduction.

3.2.1. Nitrate migration through homogeneous sediment

Nitrate mass transport and velocity values through homoge-

neous sediment are presented in supporting information,

Table S.2 in Section S.2.7. They are compared against calculated

values which are derived from the method given in Section S.2.7.

Good agreement between observed and calculated values indicates

that nitrate migration through homogeneous materials conforms

to theory. Results are also consistent with other author observa-

tions. They show that amendment mass transport increases when

higher concentrations are added at the cathode [15]. The observed

velocity value for the NS-HOM_5 experiments are lower than

equivalent glass bead experiments due to counter electroosmotic

flow in the natural sediment matrix. The electroosmotic perme-

ability of the material was 1.2 �10�9m2V�1 s�1 and based on the

electroosmotic pore fluid flux (see supporting information,

Section S.1.6).

3.2.2. Quantifying nitrate flux between layers

The analysis of the nitrate flux between layers of sediment is

split into two parts. Firstly, the observed nitrate concentration in

homogeneous and heterogeneous settings are compared. Second-

ly, the predicted nitrate concentrations are compared.

Observed nitrate concentrations within the same material type

are higher in heterogeneous experiments than homogeneous

experiments, with the exception of HET_2 (Fig. 6). This difference

increases as the inlet nitrate concentration at cathode chamber

Fig. 5. Conceptual diagram showing the transverse nitrate flux within the laboratory apparatus and the distorted voltage field (dashed lines).
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increases (Fig. 6A–C). Values in Fig. 6 represent the nitrate

concentration across the whole sediment body at an individual

time point. They are determined from pore fluid concentrations

that are integrated to find the nitrate mass in the sediment; this is

then divided by the pore volume, accounting for dimensions of the

homogeneous or heterogeneous setting. Values are normalised to

the voltage difference between electrodes. Nitrate concentrations

in all experiments increase over time because the nitrate transport

velocity decreases; thus nitrate residence time within the

sediment increase. This is a result of applying constant current

and allowing the voltage difference between electrodes to drop

over time. The potential for pore fluid sampling in heterogeneous

systems to artificially raise the nitrate concentration in the low-K

layer is minimal compared to the mass flux into the sediment by EK

(see supporting information, Section S.2.8).

A transverse mass flux between layers can be demonstrated by

predicting the nitrate concentration at a particular time point; in

the homogeneous setting this flux will be into the sediment from

the cathode boundary, whereas in the heterogeneous setting it will

be from both the cathode boundary and boundary between the

high- and low-K layers. The predicted nitrate concentration in

homogeneous systems is defined as the product of the mass flux

into the sediment from the cathode boundary multiplied by the

time before solute exits the sediment, divided by the domain

volume. The time before the solute exits the system is calculated by

dividing the domain length by the average velocity, vi of ion, i

(m s�1), defined in these experiments as [16]:

vi ¼
u�
i � ke

n

@E

@x
ð7Þ

where n is the porosity of the media (�); ke is the electroosmotic

permeability (m2V�1 s�1); E is the electrical potential (V); and x is

distance (m). The calculation assumes that mass flux from the

cathode chamber is constant, with influx at the cathode equal to

efflux at the anode. In homogeneous systems the predicted

concentrations are calculated with the observed mass transport

values (supporting information, Table S.2) and velocity values from

a bromide tracer test conducted in similar material (high-K and

low-K velocities: 6.3 and 4.4 �10�8m s�1/V m�1) [9].

The predicted nitrate concentration in heterogeneous systems

includes an additional mass flux value to that previously defined in

homogeneous conditions. This additional flux is described as a

transverse mass flux and represents nitrate electromigration

between the high- and low-K layers. A value for this phenomenon

is obtained using the equation for 1D electromigration mass flux

[14]:

Ji ¼ Ci u
�
i � ke

� � @E

@x
ð8Þ
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Fig. 6. Comparison of observed nitrate accumulation within the same material in heterogeneous and homogeneous settings (closed and open circles respectively) coupled

with predicted nitrate concentrations (solid and dashed lines respectively). Values are normalised to the voltage between electrodes (VE). Graphs represent experiments with

nitrate added at the electrodes: A, HET_2 and HOM_2 (0.1 g-NO3 L-1); B, HET_3 and HOM_3 (1 g-NO3 L-1); C, HET_4 and HOM_4 (5 g-NO3 L-1); D, NS-HET_5 and NS-HOM_5

(1 g-NO3 L-1). Error bars represent one standard deviation from the average of values for experiments HET_3.1 and HET_3.2, and HOM_3.1 and HOM_3.2, respectively.
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where Ji is the electromigration mass flux of chemical species

(kg m�2 s�1). Input terms for this equation, such as the nitrate

concentration in the high-K layer and EIM of the material, are

known. The voltage gradient between layers is the voltage

difference between probe ports divided by the distance between

them. To simplify the calculation, an average of voltage gradient

values is taken across the length of the sediment chamber. The

transverse flux is then added to the flux across the cathode

boundary and incorporated into a nitrate concentration calculation

for the heterogeneous setting. In Fig. 6 the predicted nitrate

concentrations are shown as a solid line.

The observed and corresponding calculated nitrate concentra-

tion in heterogeneous setting are in good agreement for experi-

ments run at 1 and 5 g-NO3 L
�1 (Fig. 6B–C). However, in the 0.1 g-

NO3 L
�1 run (Fig. 6A) there appears to be little difference between

the homogeneous and heterogeneous systems. This suggests that

either there was minimal transverse migration of nitrate or that

the effect was masked due to experimental variability. For the

natural sediment experiments the difference between homoge-

neous and heterogeneous observed data is less than that for the

equivalent glass bead experiments (Fig. 6D and B respectively).

Predicted values suggest that this is due to the low voltage

difference between layers. Overall, these results show that

transverse electromigration is an important flux of nitrate into

the low-K zone at high amendment concentrations. They are

analogous to transverse or lateral diffusion observed in advection-

dominated systems, where K is stratified to create high- and low-

flow layers [17]. In advection-dominated systems contaminant

degradation by processes such as chemical oxidation or bioreme-

diation are limited by transverse diffusion at the high/low-K

interface where solute mixing and degradation occurs [18,19].

Conversely, in EK dominated systems transverse migration is less

likely to be a limiting factor. This is despite the EK transverse mass

flux between layers being relatively small compared with the flux

from electrodes. For example, the transverse flux between layers in

HET_3 is 8.1 �10�6 (�3.0 � 10�6) g-NO3 m�2 s�1 compared with

the flux of 2.7 � 10�4 (�3.1 �10�5) g-NO3 m
�2 s�1 from electrodes

in HOM_3. However, if the area over which the transverse flux is

effective is greater than that at the electrode (such as in these

experiments the electrode area is 0.0156 m2 compared with the

0.06 m2 area between layers) then a transverse mass flux will be an

important consideration at the field scale.

3.2.3. Scalability of experimental findings

Increasing the flux of nitrate to support and enhance in situ

biodegradation is crucial for effective bioremediation of organic

contaminants in low-K zones, as the supply of amendment should

meet or exceed the microbial capacity to ensure even distribution,

[20], but is frequently limiting in these zones. Promoting the

transverse flux of nitrate into low-K zones could therefore be an

important factor in field applications of in situ bioremediation. A

simple electron balance box model, similar to that described by Gill

et al. [4], was developed to explore the importance of transverse

migration observed in these experiments in an EK bioremediation

scenario. To achieve an electron balance the mass transfer of

electrons from electron donors (ED) (represented by organic

contaminants) must equal that of electron acceptors (EA)

(represented by soluble oxidants, e.g. nitrate or sulphate) for

microbial respiration [21]. The model simulates the diffusion,

advection and electromigration of dissolved oxygen, nitrate and

sulphate (only the latter two in the case of electromigration), as

well as the separate addition of nitrate as an amendment at the

cathode.

The conceptual scenario created is a contaminated groundwa-

ter management issue where the goal is to prevent long-term back-

diffusion of sequestered BTEX contaminants into a high-K host

material. This is achieved by enhancing biodegradation of the

contaminants within the low-K lens using EA delivered by different

transport mechanisms. The model domain comprises a high-K host

material and one low-K block (Fig. 7). The physical, chemical and

electrokinetic properties of high- and low-K materials are provided

in the supporting information, Section S.2.8. The model evaluated

the presence and absence of a voltage gradient and transverse flux

of EAs between high- and low-K materials to determine its

influence on remediation timescales. Electroosmotic flow and its

influence on the movement of EAs and EDs was excluded from the

model.

Several scenarios are evaluated, where the mechanism

controlling EA delivery varies. Scenario A, B and C represent

diffusion, advection and electromigration by EK, respectively, of

EAs in the surrounding groundwater to the low-K zone. In Scenario

D, EK was applied and nitrate was added at the cathode (5 g-NO3

L�1). In scenario A diffusion occurs at each high-K/low-K interface,

scenario B groundwater flow is directly into the low-K block, with

flow direction perpendicular to the alignment of the electrodes.

The numbers in Fig. 7 represent the amendment mass flux by

electromigration across different boundaries. They include: (1) the

nitrate flux across the cathode boundary if amendment is present;

(2) the nitrate flux from the high-K host material into the low-K

zone with the electric field; (3) the transverse nitrate flux from the

high-K host material into the low-K zone as per the observations in

these experiments; (4) the flux of nitrate out of the high-K host

material; and (5) the nitrate transport time between the electro-

des. The details of these calculations and their input values are in

the supporting information (Table S.4–S.10). Fluxes 1–5 are

relevant for scenario D, and flux 2 and 3 are relevant for scenario

C. The box model assumes that EAs from the background

groundwater and those added as an amendment from the cathode

Fig. 7. Illustration of the model domain (side view) used for the conceptual analysis, showing high-K host material (white) containing a low-K block (waves). Dimensions of

host material: 3 � 1 �10 m; lens: 1 �1 �9 m. Arrows and numbers represent the different nitrate mass flux boundaries under EK.
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boundary are evenly distributed through the high-K section. In all

scenarios, the background groundwater concentration of EAs is

consistent due to re-supply from groundwater flow.

The results show the time required to balance the ED and EA

budgets within the low-K block (Table 3). The timescales for

delivery of EAs into the low-K block can be significantly reduced by

the addition of EK, compared with either diffusion or advection.

The presence or absence of the transverse flux had an effect on

reducing the timescales. In scenarios C and D the difference was 0.6

and 0.07 years, equivalent to a time saving of 23 and 30%,

respectively, over systems where a transverse flux is not

developed. In scenario C the presence of a transverse flux had

less effect on reducing timescales. This is due to a minimal

difference in effective electrical conductivity between the high-

and low-K zones compared with scenario D where nitrate is

distributed at high concentration through the high-K zone (Fig. 2).

Thus, this phenomenon will be more important at the field-scale

when the amendment concentration introduced into the system is

higher.

3.2.4. Implications for field-scale application

It is important to consider the influence of different low-K

material properties on the phenomena described in these experi-

ments. This was achieved using the conceptual model presented in

Fig. 3. Low-K materials commonly encountered in the field are

high-porosity clays that will exhibit both a high surface charge and

a high EIM. For example, the EIM of nitrate for kaolin

(representative of clays with high water content, 67% [22]) is

1.55–1.65 �10�8m2 s�1V�1 due to high porosity and tortuosity

values [14,23]. Under these conditions the effective resistivity of

the pore fluid would be lower in the low-K layer and could create a

voltage difference opposite to that observed in Fig. 2. This could

lead to mass flux of a negatively charged amendment from the low-

K to the high-K zone. However, there are additional factors to

consider at the field scale that could influence a transverse mass

flux by electromigration. Firstly, the difference in resistivity

between layers would need to be sufficient to initiate current

transfer as per the conceptual model in Fig. 3. This is partly

influenced by the contrast in EIM values. Assuming a high EIM

value for a low-K material such as kaolin, a corresponding low EIM

value for high-K material would be required. For example, based on

the nitrate EIM contrast in these experiments and a low-K EIM of

1.65 �10�8m2 s�1V�1, a high-K EIM of 9.52 �10�9m2 s�1V�1

would be required to reproduce the voltage differences between

layers observed in these experiments. Secondly, groundwater flow

through the high-K layer could influence the electric current

transfer in that layer. Saichek and Reddy [7] observed in a layered

heterogeneous system that electric current was higher than other

heterogeneous configurations due to the advective flow between

the anode and cathode, facilitating electric current transport

through the high-K sand layer. Thirdly, the electroosmotic

permeability of materials at the field-scale may be greater than

those observed in these experiments. Electroosmotic flow has been

shown to generate zones of negative pressure [24]. In a layered

heterogeneous systems this phenomenon could create hydraulic

flow into the low-K layer and subsequently another mass flux of

amendment into the low-K zone [6].

4. Conclusions

This study observes and quantifies, for the first time, a

transverse flux of ions arising from voltage differences within a

layered heterogeneous setting under an EK applied electric field.

This is evaluated in the study using nitrate as an example ion, by

considering two hypotheses. The first hypothesis predicts the

presence of a voltage difference between layers of material with

different effective ionic mobilities. Results show that a greater

voltage difference occurs between layers within heterogeneous

systems than homogeneous systems and that this difference

increases with the addition of nitrate at the cathode. The

conceptual model developed to explain this phenomenon links

the observed voltage differences and effective resistivity values

derived from pore fluid analysis.

The second hypothesis expands the concept of a voltage

difference between layers, by proposing an associated mass flux of

ions. This is demonstrated using a nitrate amendment and is

calculated assuming parameters are known, namely the concen-

tration of the amendment in the host material, the difference in the

voltage gradient at the interface between the different materials,

EIM of the different materials and surface area of the interface.

Results show low-K zones within a layered heterogeneous setting

relative to the flux predicted for a homogeneous setting of the

same material. The importance of this process at the field-scale for

an EK-BIO scenario is demonstrated using a simple electron

balance model to predict biodegradation timescales in a hetero-

geneous setting with contaminated low-K zone for EA transport

with, and without, the observed transverse flux. Overall, this flux

depends significantly on the material properties, orientation of the

electrodes with respect to the low-K layer and the geometry of the

low-K layer itself. Future research into EK-enhanced bioremedia-

tion within heterogeneous settings should introduce both con-

taminant and microbial variables to observe how spatial changes in

material type influence contaminant biodegradation.
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