Groundwater

Monitoring&Remediation
w

Electrokinetic Migration of Nitrate Through
Heterogeneous Granular Porous Media

by Richard T. Gill, Steven F. Thornton, Michael J. Harbottle, and Jonathan W.N. Smith

Abstract

This study investigates and quantifies the influence of physical heterogeneity in granular porous media, represented by materials with
different hydraulic conductivity, on the migration of nitrate, used as an amendment to enhance bioremediation, under an electric field.
Laboratory experiments were conducted in a bench-scale test cell under a low applied direct current using glass bead and clay mixes and syn-
thetic groundwater to represent ideal conditions. The experiments included bromide tracer tests in homogeneous settings to deduce controls on
electrokinetic transport of inorganic solutes in the different materials, and comparison of nitrate migration under homogeneous and heteroge-
neous scenarios. The results indicate that physical heterogeneity of subsurface materials, represented by a contrast between a higher-hydraulic
conductivity and lower-hydraulic conductivity material normal to the direction of the applied electric field exerts the following controls on
nitrate migration: (1) a spatial change in nitrate migration rate due to changes in effective ionic mobility and subsequent accumulation of
nitrate at the interface between these materials; and (2) a spatial change in the voltage gradient distribution across the hydraulic conductivity
contrast, due to the inverse relationship with effective ionic mobility. These factors will contribute to higher mass transport of nitrate through
low hydraulic conductivity zones in heterogeneous porous media, relative to homogeneous host materials. Overall electrokinetic migration of
amendments such as nitrate can be increased in heterogeneous granular porous media to enhance the in situ bioremediation of organic con-
taminants present in low hydraulic conductivity zones.

Introduction Alshawabkeh 1993; Reddy and Saichek 2003). Coupling
these processes to the delivery of suitable amendments may
hydraulic-based techniques is limited in aquifers and sedi- therefore eghance th? treatment of c.ontamin.an'ts withip low
ments with a hydraulic conductivity (K) less than about K stratg, using techn1que§ such as .bloreme'dlatlon. Thls can
107 m/s (Saichek and Reddy 2005a). In low K porous media b'e a.chleve'd by overcoming technical barriers for b%orerpe-
solute transport may be influenced more by diffusion than diation (Gill et al. 2014), for example: (1) electromigration

advection. This can result in the sequestration of contami- or electroosmotic delivery of electron acceptors and nutri-
nants within low K zones (e.g., clays and silts) in settings ents to the contaminant and/or microorganisms to overcome

characterised by physical heterogeneity (e.g., K contrasts), mass transfer limitations (Lohner et al. 2008); (2) increas-
making them inaccessible to treatments delivered by ing the bioaccessible contaminant fraction by enhancing
hydraulic methods, such as amendment injection (Li et al. desorption by electroosmotic pore fluid flux (Niqui-Arroyo
2010), or those involving fluid extraction, such as pump and et al. 2006); and (3) augmenting the indigenous microbial
treatment (Lee et al. 2000). The low K zones then function community to enhance species diversity and increase the
as secondary sources of contaminants, which diffuse back biodegradation capacity (Mao et al. 2012). )

into more permeable zones, prolonging remediation mea- Most studies of EK applications have been conducted in
sures (Reynolds and Kueper 2002). Electrokinetics (EK) homogeneous rather than heterogeneous materials, although
can initiate different transport phenomena (electroosmo- the latter more appropriately represent the subsurface envi-
sis, electromigration, and electrophoresis) in porous media ronment. In many cases physical heterogeneity, represented

with hydraulic conductivities as low as 107 m/s (Acar and by spatial variability in the distribution and form of mate-
rials with different K, exerts a significant control on sol-

ute transport (Song et al. 2014), contaminant distribution
(Rahman et al. 2005) and options for remediation strategies

The effectiveness of groundwater remediation using

© 2015 The Authors. Groundwater Monitoring & Remediation in soils and aquifers (McCray et al. 2011). EK-moderated
published by Wiley Periodicals, Inc. on behalf of National transport of substances into, and out of, low K zones in a
Ground Water Association. doi: 10.1111/gwmr.12107 heterogeneous setting can be significantly more effective
This is an open access article under the terms of the Creative than advection (Saichek and Reddy 2005b; Reynolds et al.
Commons Attribution License, which permits use, distribution 2008). However, to date there are no empirical studies of
and reproduction in any medium, provided the original work is the influence of physical heterogeneity on EK transport.
properly cited. Nitrate is often used as an amendment to support the in
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situ bioremediation of organic chemicals in contaminated
aquifers, because it is less affected by solubility limitations
(unlike oxygen) and can support the anaerobic biodegrada-
tion of a wide range of organic compounds (Spence et al.
2001; Bauer et al. 2008; Xu et al. 2010). However, the
performance of bioremediation can be significantly limited
due to the effect that physical heterogeneity exerts on the
distribution and mixing of microbes and solutes in the sub-
surface (Song and Seagren 2008). Therefore, if the migration
and bioavailability of an amendment across a K boundary
where advection is significantly reduced can be increased
using EK transport processes, biodegradation rates for bio-
remediation may be enhanced in these scenarios.

The aim of this study was to investigate the influence of
K contrasts, as a form of physical heterogeneity in granu-
lar porous media, on the electromigration of an inorganic
chemical which may be used as an amendment to enhance
bioremediation in situ. The objectives were to:

1. Compare the migration of the amendment under homo-
geneous and heterogeneous conditions represented by a
K contrast normal to the direction of the electric field,
using nitrate as a model inorganic compound;

2. Determine the effect of physical heterogeneity described
in (1) on an amendment applied at different concentra-
tions, and;

3. Determine the effect of varying the K contrast described
in (1) on the amendment mass flux and distribution of the
voltage gradient.

Currently no studies have quantified the effect of K con-
trasts on amendment mass flux or voltage gradient distribu-
tion for EK applications. This is an important knowledge
gap that must be addressed to support the effective devel-
opment and application of EK-based soil and groundwater
remediation technologies at the field-scale.

Electrokinetic Theory

Electromigration is the most effective transport mecha-
nism to deliver a charged amendment through an electrolyte
in an EK-dominated system. Theoretically electromigration
can be influenced by the type of host material, insofar as
this affects the spatial variation in properties of the porous
media which control the applied EK phenomena. For homo-
geneous conditions the 1-D electromigration solute mass
flux is given by Equation 1 (Acar and Alshawabkeh 1993):

J,=C, (4] —kc)a—E (1
ox

where J, is the electromigration mass flux of chemical spe-
cies i (kg/m?/s); C, is the solute concentration (kg/m’); uj is
the effective ionic mobility (m*/V/s); k_is the electroosmotic
permeability (m*/V/s); E is the electrical potential (V); and x
is distance (m). The effective ionic mobility is analogous to
the effective diffusion coefficient (Equation 2):
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where n is porosity (—); 7is tortuosity (—); F'is the Faraday’s
constant (C/mol); z is ion valence; Dl.”< is the effective dif-
fusion coefficient (m%*s); R is the universal gas constant
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(J/K/mol); and T is absolute temperature (K). The effec-
tive solute diffusion coefficient has been shown to decrease
with decreasing K due to a decrease in the tortuosity factor
associated with the migration path length (Rowe and Badv
1996). From this relationship effective ionic mobility should
also vary between sand, silts and clays, that is, decreasing
with decreasing K. It is also likely that the counter pore fluid
flux created by electroosmosis will increase with decreasing
K, due to the presence of more fine grained particles with
an associated larger surface charge, represented by the zeta
potential ({’) (Acar and Alshawabkeh 1993):
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Gy =k~ €)
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where g is the pore fluid flux (m/s); € is the permittivity
of the porous medium (C%J/m); {is the zeta potential (V);
and 77 is the fluid viscosity (Pa/s). For example, electroos-
mosis is about five times higher in clays than fine-grained
sands with hydraulic conductivities of 1 to 2 x 10-* m/s and
3.5 x 1075 m/s, respectively (Wu et al. 2007). The electro-
osmotic flux is generally an order of magnitude lower than
electromigration, and therefore electromigration is typically
the dominant transport mechanism (Acar and Alshawabkeh
1993).

Under 1-D physically heterogeneous conditions where
the porosity and tortuosity of the material vary and therefore
the effective ionic mobility varies, there will be step changes
in the electromigration velocity. Moreover, there should also
be an associated variation in the voltage gradient due to the
relationship between effective ionic mobility and effective
electrical conductivity (Alshawabkeh and Acar 1996):

v .aC,
a£:_1+in:lziDi o 5
Ox o

c=Y"FzuC (6)

where I is current density (C/s/m?); and o* is the effective
fluid electrical conductivity (S/m).

Thus, in a physically heterogeneous setting where the
concentration of chemical species is uniform, the voltage
gradient should increase in material with a low effective
ionic mobility relative to material with a high effective ionic
mobility. This is in contrast to homogeneous systems where,
if the effective ionic mobility and chemical species concen-
tration are uniform, the voltage gradient is also uniform.

Materials and Methods

Material Properties

The porous medium was created using soda-lime-
silica glass beads (Potters Ballotini Ltd, Barnsley, South
Yorkshire, UK) and Speswhite kaolin (Imerys Performance
Materials Ltd, Par, Cornwall, UK) to represent a model sys-
tem composed of two materials with consistent properties.
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The physical heterogeneity in these experiments is a con-
trast between high and low K, created by positioning lay-
ers of appropriate material in the test cell as shown in
Figure 1. High hydraulic conductivity (HK) sections were
consistently produced using 1.4 mm diameter glass beads,
whereas low hydraulic conductivity (LK) sections were
produced using a 90/10 mix of 0.25 and 0.5 mm glass
beads. Between experiments the glass beads were cleaned
with deionised water and autoclaved to minimise biological
activity in the tests. Additional K contrasts were achieved
by blending the small glass bead mix with different propor-
tions by weight of kaolinite. The clay grain size distribu-
tion is 76% to 83% <2 um and introduced a small amount
of surface-adherent dissolvable salts (approximately 0.2%
by mass of sodium and sulphate ions based on dissolution
tests) into the test fluids.

Consolidation of glass beads in preparation for tests was
achieved using a small shaker table at a frequency of 31 Hz
and calibrated using a hand-held accelerometer. The test
cells were filled with material in layers up to 3 cm and placed
on the shaker table for intervals of 20 s. This was repeated
until the test cell was full, excess material removed and the
lid secured. The glass bead mix and clay was added together
and combined with sterilised synthetic groundwater to give
a mass equivalent to the clay’s plastic limit (approximately
30% by weight of the clay). This was to facilitate mixing
and aid compaction. The mixture was then wet packed into
the sediment chamber in the test cell (Figure 1) and tamped
down using a ceramic pestle, similar to the method used in
Saichek and Reddy (2005b).

The K contrast was achieved by inserting a 0.5 mm thick
stainless steel plate into vertical slots on the inside of the
sediment chamber to separate the HK and LK sections. The
material was then packed in the respective compartment
either side of the plate, and the plate removed. This left a
small space (approximately 0.5 mm wide) that was then
back-filled by further consolidation. The lid was secured
before the material was saturated with synthetic groundwa-
ter. The sediment chamber was separated from the electrode
chambers by a perforated acrylic plate covered with filter

Mariotte

—L @ Bottle

Acid/Base  Waste Waste
Solution

XiX X X XX x x X
O 0 0o o 0 o

Cathode HK LK Anode

Nitrate|

Reservoir

. %
Tank Power Supply

Figure 1. Schematic of experimental set-up used in tests.
Sediment chamber volume: 7.5 L; and electrode chamber
2 L. HK and LK represent the high and low K contrasts in
the sediment, X and O represent sampling and voltage probe
ports.
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paper (Whatman Grade No. 5), the aperture of which was
less than the grain size of sediment used in the experiment.

A synthetic groundwater was used to simulate an electri-
cal conductivity of 700 uS/cm, similar to natural groundwater
sampled in a UK Aquifer (Thornton et al. 1995). This was
achieved using a NaCl-deionised water solution to give
0.3 g-NaCl/L. Prior to adding NaCl deionised water was run
through a tangential flow filtration unit (aperture 1 um) to
remove bacterial cells and minimise biological activity dur-
ing tests. The test cells containing the consolidated material
were saturated with synthetic groundwater from the base up
to remove any trapped air. Saturation was considered com-
plete when water was observed to emerge from 12 evenly
spaced ports in the lid; these were then sealed.

Bench-Scale Setup

A 1-D experimental test cell was developed for the prep-
aration of reproducible sections of packed materials with
high and low K (Figure 1). The test cell was constructed
from Perspex panels which were fixed together and sealed
with silicone sealant. It comprised three main components:
(1) a partitioned rectangular cell with compartments for the
sediment and electrode chambers (H: 125 x W: 125 x L:
720 mm); (2) a lid that secured onto the rectangular cell
with holes over the electrode chambers (H: 10 x W: 125
x L: 720 mm); and (3) a pair of electrode chamber header
tanks that secured onto the lid to expand the volume of the
electrode chambers and raise the water level above the sedi-
ment section (H: 160 x W: 125 x L: 95 mm). Leaks were
prevented using rubber gaskets and silicone grease for the
lid and header tanks. Once material was consolidated within
the test cell and the lid and header tanks secured synthetic
groundwater and the amendment solution was circulated
using a peristaltic pump (Ismatec, REGLO MS-4/8) from
the reservoir tank into the cathode chamber at 10 mL/
min. This was done until the fluid in the cathode chamber
had been displaced (approximately 3.5 h); at this point a
Mariotte bottle was added to the anode chamber to minimise
any hydraulic head difference between electrodes caused by
electroosmotic flow and a baseline sample was taken. After
this a direct current was applied to the system from a power
pack (Digimess, Stenton, Derby, UK, PM6003-3). Constant
current was established and checked with a multimeter
(Digitek, Tsuen Wan, Hong Kong, China, DT-4000ZC).

Samples of the pore fluid for chemical analysis were
taken every 2 to 4 days during the experiment via nine nar-
row bore (ID = 0.5 mm) PEEK tubes located along the length
of the test chamber. The sampling tubes extended normal
from the edge into the centre of the sediment mass within
the test chamber and were offset to each other on either side
of chamber. This ensured that any edge effects from the
chamber panels on fluid sampling were avoided and that the
centreline of the fluid flow path could be sampled in detail.
Sample tube blockages were prevented by fitting a small
cube of porous sintered glass to the end of each tube. At
each time point seven samples of the pore fluid in the sedi-
ment chamber and one sample from each electrode chamber
were taken. Each pore fluid sample was 1 mL to ensure
that at each time point the total fluid extracted was <1%
of the total pore fluid volume, with minimal disturbance.
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Five voltage probes consisting of 4 mm diameter grade
316 stainless steel rods housed in HDPE piping were fitted
within the chamber. Voltages and current were logged every
24 h or after sampling during the tests. The dimensions of
the HK and LK sections were H:125 x W:125 x L:280 mm
and H:125 x W:125 x L:210 mm, respectively; the differ-
ence accommodates the distribution of sample and voltage
probe ports (Figure 1).

Nitrate was selected as it is a representative amendment
used extensively in electrokinetic-bioremediation stud-
ies (Gill et al. 2014). Bromide was used as a tracer under
an electric field because it is chemically conservative and
has similar electromigration transport properties to nitrate.
Amendments were added to the cathode at a rate 1.5 mL/
min from a 10-L reservoir tank maintained at a constant
concentration of either nitrate or bromide solutions. The res-
ervoir tank was topped up at regular intervals.

Electrokinetic Apparatus and Test Conditions

A direct current was applied at a constant current
strength of 25 mA (1.6 A/m?) to allow more effective con-
trol of pH changes at the electrodes. Electrodes were made
from a 125 x 125 x 10 mm graphite block perforated with
8 mm diameter holes to allow passage of water, using the
method described by Harbottle et al. (2009). The connection
between the graphite electrodes and copper wires to the DC
power source was housed inside the electrodes and secured
in place with a threaded seal and silicone sealant to give a
water-tight seal. This also reduced the risk of contaminating
the electrode chambers by metal corrosion.

A peristaltic pump (Ismatec, Mondfeld, Wertheim,
Germany, Ecoline VC-MS/CA 8-6) was used to circulate
acid and base solutions (1 M HCI and NaOH) to the cathode

and anode, respectively, to neutralise electrolysis reactions
as follows:

2H,0—4e” — 4H" +0, @)

4H,0+4e” - 40H +2H, (8)
The rate of acid (H*) and base (OH") generation can

be estimated assuming steady-state electrolysis and 100%

Faradaic efficiency at the electrode (Kim and Han 2003):

o O

o G

(€))

where R, is the rate of H* (or OH") generated (mol/s).
These values were used to determine the volume of acid
or base that would be required over a certain time period
to neutralise electrolysis reactions, dosing being controlled
by a timer and applied every 3 h. 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.

Experimental Design

Two types of experiments were undertaken: (1) bromide
tracer tests to determine the effective ionic mobility of the
materials used in the HK and LK sections; and (2) nitrate
migration experiments under homogeneous and heteroge-
neous conditions, based on the arrangement of materials
used in the respective tests. Bromide tracer experiments
were run under homogeneous conditions using the same
material specifications used in the nitrate migration experi-
ments (Table 1). Bromide was added at 1 g-Br/L concentra-
tion in the reservoir tanks, with fluid samples and voltage
readings taken every 24 h. Nitrate migration experiments

Table 1
Design of Bromide Tracer and Nitrate Migration Experiments in Homogeneous (HOM) and Heterogeneous (HET)
Conditions
Reservoir Tank
EK Properties Properties HK Properties LK PropertiessHOM Properties
Current Current Conc Clay Duration
Name  Applied (mA) Ion (g/L) n* K? (m/s) n' (%) K? (m/s) Reps (h)
Tracer_1 Yes 25 Br- 1 — — 029 — 22x10*(=x21x10° 1 192
Tracer_2 Yes 25 Br~ 1 — — 037 — 15%x10°%@=x1.6x%x10°) 1 192
Tracer_3 Yes 25 Br- 1 — — 029 5 1.6x10°=2.7x107) 1 240
Tracer_4 Yes 25 Br- 1 — — 0.34 10 12x 10724 x 107) 1 240
Tracer_5 Yes 25 Br- 1 — — 041 20 45%x107°(1.1 x 107) 1 263
Control_1  Yes 25 — — 029 22x10*@21x10% 037 — 15x10°@1.6x10% 1 192
Control_2 No — NO,~ 01 029 22x10*(=x21x10%) 037 — 15x10°=x1.6x10° 1 192
HOM Yes 25 NO,~ 0.1 0.29 — 037 — 15x10°@=x1.6%x10°% 2 192
HET_1 Yes 25 NO, 0.1 029 22x10*=x21x10° 037 — 15x10°x1.6x10° 3 192
HET 2 Yes 25 NO, 1 029 22x10*(x21x10% 037 — 15x10°=1.6x10° 2 192
HET_3 Yes 25 NO, 1 029 22x10%x21x10% 029 5 16x106x27x107) 1 288
HET_4 Yes 25 NO,~ 1 029 22x10*(x2.1x10% 0.34 10 1.2x107 (2.4 % 107) 1 288
HET_5 Yes 25 NO, 1 029 22x10*(x21x10% 041 20 45x10°(1.1x 107 1 288
!Averaged value.
*Falling head permeameter tests.
4 RTGilletal] Groundwater Monitoring & Remediation NGWA.org



were run at low- and high-nitrate inlet concentrations of
0.1 and 1 g-NO,/L, respectively. At low concentration
nitrate migration was compared under heterogeneous and
homogeneous conditions, whereas at high concentration
nitrate migration was evaluated for increasing K contrasts
(Table 1). Two control experiments with no nitrate and no
direct current (Control_1 and Control_2, respectively) were
also performed. The experimental results were interpreted
according to theoretical predictions using numerical analy-
sis of nitrate breakthrough at the anode (Equation 1) and
proportion of the voltage gradient distributed across HK
and LK sections based on major ion analysis (Equations 5
and 6). Replicates were run for experiments with low nitrate
inlet concentration, HET_1, HOM, and high inlet concen-
tration, HET_2. Experimental reproducibility is inferred
from tests with one or more replicates. All experiments
were run with pH control to eliminate the influence of acid
and base fronts on the voltage gradient (Lohner et al. 2008).

Analytical Methods

Water samples taken from migration experiments were
analysed for major ions (nitrate, bromide, chloride, sul-
phate, sodium, and potassium) using a Dionex (Hemel
Hempstead, Hertfordshire, UK) DX-120 ion chromato-
graph. This allowed the quantification of the main compo-
nents in the electrolyte. The anion column was an AS14A
with a mobile eluent consisting of 8 mM sodium carbonate
and 1 mM sodium bicarbonate at a flow rate of 1.34 mL/
min. The cation column was an CS12A with a mobile eluent
of 20 mM methane sulphonic acid at a flow rate of 1.05 mL/
min. Calibration standards were run at the beginning of each
batch and quality control standards were included every 15
samples. The maximum and minimum detection limits for
the ions analysed were: 0.8 mg/L (sulphate) and 0.1 mg/L
(sodium); and analytical precision: £5.9% (potassium) and
+2.0% (bromide). Samples were also analysed for pH and
electrical conductivity using ion selective electrodes and
standard methods.

Results and Discussion

Bromide Electromigration under Homogeneous Conditions

Tracer experiments were conducted using bromide
to determine the effective ionic mobility of nitrate for
the different materials evaluated in the nitrate migration

experiments This is justified as bromide has similar trans-
port properties to nitrate under an electric field, for example
both have similar ionic mobility at infinite dilution (bromide:
8.1 x 1078 m%s/V; nitrate: 7.4 x 10 m?/s/V; CRC 2002). A
tortuosity factor for the host material was estimated from
the effective ionic mobility of bromide to deduce the effec-
tive ionic mobility of nitrate (Equation 2).

Results from the bromide tracer experiments at steady-
state are shown in Table 2. Steady-state in these experiments
is the point at which nitrate breaks through to the anode and
the mass transport normalised to the voltage gradient stops
increasing. Mass transport is defined as the mass of bromide
that passed through the sediment over time, normalised
to the voltage gradient. The mass flux and effective ionic
mobility can be determined from this value by re-arranging
Equation 1. The tortuosity factor reflects the path length
that ions must take through the sediment, in porous media
it is always less than one and decreases as the tortuosity of
the flow path increases (Fetter 1993); it is calculated by re-
arranging Equation 2. The migration velocity is the distance
across the sediment chamber divided by the time bromide
is first observed in the anode chamber and is normalised to
the voltage gradient.

Values for mass transport, effective ionic mobility and
migration velocity all decrease with decreasing K (Table 2),
with the exception of values for Tracer_1 which are slightly
lower than Tracer_2. K and the effective ionic mobility have
no direct relationship, as both reflect the porous material
used. Results from these experiments demonstrate that these
two parameters can be indirectly related by the tortuosity
factor, which decreases in fine grained sediments (Rowe and
Badv 1996). Thus, as K decreases the effective ionic mobil-
ity also decreases. For example, as clay content increases
between Tracer_2 and Tracer_5 there is greater occlusion
of the pore spaces between the larger glass beads, which
impedes solute migration. The effective ionic mobility esti-
mated for nitrate in the different materials is similar in trend
to, but slightly lower than, the bromide results due to the dif-
ferences in ionic mobility value at infinite dilution (Table 2).
This range of values is lower than those reported for pure
kaolin (1.55 to 1.65 x 10~® m?/V/s), which has high porosity
and tortuosity values (0.6 and 0.35, respectively) (Acar and
Alshawabkeh 1993; Thevanayagam & Rishindran 1998).

Electromigration of negative species such as bromide
and nitrate towards the anode can be hindered by a coun-
ter electroosmotic flow in fine-grained material with a high

Table 2
Bromide Transport Properties at Steady-State Estimated from Tracer Tests

Bromide Mass Transport Bromide Effective Ionic =~ Tortuosity =~ Migration Velocity Nitrate Effective Ionic
Experiment [(m/s)/(V/m)] Mobility (m?*/V/s) Factor (—) [(m/s)/(V/m)] Mobility (m?*/V/s)
Tracer_1 7.0x107° (£3.5x10° 14x10%(=1.1x10° 0.56 (= 0.04) 6.3x 107 1.3 x 1078 (= 1.0 x 107)
Tracer_2 79x10°(x75%x10°% 1.5x10%(x1.6%x 107 0.55 (= 0.06) 5.0x 107 1.4x10%(x 1.5 x 107)
Tracer_3 5.8 x 107 (6.8 x 107) 1.1 x 103 (x1.5x 107  0.47 (= 0.06) 4.1 x 10°® 1.0x 103 (= 1.3 x 107
Tracer_4 45x10° (x44%x10°% 82x 107 (x7.5x 1079 0.30 (= 0.03) 44 x 1078 7.5 % 1078 (£ 6.9 x 10719
Tracer_5 25x 105 1.2x107)  72x107° (=54 x 107 0.22 (= 0.002) 1.5x 10 6.5x 108 (£ 4.9 x 1071

Mass transport and migration velocity are normalised against the voltage gradient. The error represents one standard deviation from the mean of values obtained once the
experiment has reached steady-state.
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surface charge (Acar and Alshawabkeh 1993). Other authors
have noted this phenomena, whereby a negatively charged
ion migrates faster through sands than clays due to the pres-
ence of counter electroosmotic flow (Acar et al. 1997; Wu
et al. 2007). In these experiments electroosmotic flow was
only observed in Tracer_5, with a 20% clay content (elec-
troosmotic permeability: 2.7 x 107 (£3.6 x 107'%) m*V/s)
because all systems are run at constant current where the
voltage gradient decreases over time. Under these condi-
tions the ratio between electromigration and electroosmosis
increases over time and the influence of electroosmotic flow
decreases (Acar and Alshawabkeh 1993).

Nitrate Electromigration under Heterogeneous Conditions
Observed and calculated values for nitrate breakthrough
at the anode in experiments HET_1, HOM and HET_2 are
shown in Figure 2. HET_1 and HOM experiments were run
at an inlet concentration of 0.1 g/L under heterogeneous and
homogeneous configurations, whereas HET_2 is the same
heterogeneous configuration to HET_1 but with an inlet
concentration of 1 g/L. Results in Figure 2 are normalised
to the starting inlet concentration and the voltage gradient
across the length of the sediment section. Calculated values
for the HOM experiment were obtained using Equation 1
for 1-D electromigration, whereas values for heterogeneous
experiments can be calculated by modifying this equation
to account for migration through the HK and LK sections:

. OE
Juk = Cearnope ¥ HK ai (10)
HK
. OE
JLK=CHKujLKﬁ (11)

where J, and J,  are the mass flux across the HK and LK
sections, C Cathode and C\y are the concentrations in the cath-
ode compartment and HK section; Xy and x  are the dis-

tances across the sections; and E. and E,  are the electrical
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Figure 2. Nitrate breakthrough at the anode normalised to
inlet concentration and voltage gradient across the sediment
section for experiments HET 1, HOM and HET_2. Dots and
dashed lines represent the observed and calculated values,
respectively. Error bars represent one standard deviation from
the mean; error associated with the calculated values is within
the same range for observed values.

potentials across the different sections. Equation 10 repre-
sents the mass flux of nitrate from the cathode into the HK
section accounting for the effective ionic mobility of the
material and voltage gradient across that section. Equation
11 incorporates the same variables for the LK section but
uses the nitrate concentration within the HK section calcu-
lated from the mass flux in Equation 10. Calculated values
are derived from the effective ionic mobility determined in
the bromide tracer experiments, observed voltage gradient
and inlet nitrate concentration values (either 0.1 or 1 g/L).
This method was used to calculate the nitrate concentration at
the anode over time. Good agreement between the observed
and calculated values shows that the observed experimental
values conform to applicable EK theory (Figure 2).

The observed nitrate breakthrough for HET_1 is higher
than HOM and HET 2 after 100 h, relative to the inlet con-
centration and voltage gradient (Figure 2). A good match
between observed and calculated datasets shows that this
is due to a higher voltage gradient across the HK section in
HET_1 (Figure 3A). This allows more nitrate to enter the sed-
iment section from the cathode and increase the proportion
passed through the LK section, relative to HOM and HET_2.
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Figure 3. (A) Proportion of voltage gradient across the HK
section for HET _1, Control_1 and HET_2 and the equivalent
section in the HOM experiment. (B) Effective electrical con-
ductivity for the HK and LK sections in HET_1 and Control_1
calculated using Equation 6 and the ionic composition of the
pore fluid from sample ports in the respective sections. Error
bars for values from experiments HET_1 and HET_2 repre-
sent one standard deviation from the mean between replicates.

6 RTGilletal] Groundwater Monitoring & Remediation

NGWA.org



The increased voltage gradient across the HK section
in HET_1 can be attributed to several factors. Firstly, the
effective ionic mobility has an inverse relationship with the
voltage gradient (Equations 5 and 6). In these experiments
the effective ionic mobility is slightly lower in the HK sec-
tion compared with the LK section (Table 2). Therefore,
there should be an elevated voltage gradient across the HK
section, which is evident for both HET 1 and Control_1 in
Figure 3A. This phenomena is the likely cause for the diver-
gence in effective electrical conductivity between the HK
and LK sections of HET_1 and Control_1 in Figure 3B. Ions
will move faster through the HK section where the voltage
gradient is highest but accumulate in the LK section where
it decreases and electromigration rate subsequently falls.
Li et al. (2013) noted similar phenomena when investigat-
ing the influence of bands with a high associated electrical
conductivity within a homogeneous soil. They found that
the associated decrease in the voltage gradient caused the
electromigration rate to fall. Over time these bands dissi-
pated due to chemical diffusion, but in physically heteroge-
neous settings the contrast in migration rates could establish
a permanent change in the voltage gradient.

Secondly, between HET_1 and HET_2 nitrate accounts
for different proportions of the total electrolyte. Based on
Equation 6 and accounting for the major ions in the elec-
trolyte, nitrate in HET_1 is 3.4% (+ 0.4%) when added at
0.1 g/L compared with HET_2, where it accounts for 22.8%
(x2.3%) when added at 1 g/L. Therefore nitrate should have
a greater effect on the voltage gradient in HET_2 compared
with HET_1. This is observed in Figure 3A, where the volt-
age gradient across the HK system dips for HET_2 over the
first 100 h due to nitrate entering the system and increas-
ing the electrical conductivity of the electrolyte in that
zone. This phenomena is noted by Wu et al. (2012a), who
found that increasing the concentration of the amendment
in homogeneous settings increased the depression in the
voltage gradient adjacent to the cathode and thus reduced
the relative amount of amendment that migrated into the
material.

Nitrate Electromigration under an Increasing Hydraulic
Conductivity Contrast

Experiments HET_2 to HET_5 quantify the effect of an
increasing contrast in the K between two host materials on

the electromigration of nitrate through them. The transport
properties of nitrate through HK and LK sections of the
sediment are in broad agreement with the bromide tracer
results from homogeneous settings (Table 3). For example,
the range in HK mass transport and migration velocity
values (except HET_5) are equivalent to Tracer_1 and the
trend in decreasing mass transport and migration velocity
between Tracer_2 to Tracer_5 is repeated in the LK results.
In addition, electroosmotic flow is observed in HET_5 that
originates in the LK section and transfers through the HK
section, contributing to the relatively low mass transport
value; migration velocity is not restricted because nitrate
was detected in the LK section after 24 h. However mass
transport estimates are either equivalent to, or higher in,
the LK section compared with the relevant bromide tracer
experiment. This results from the influence of the voltage
gradient on the heterogeneous setting.

Furthermore, nitrate concentration in the HK section
increases as the ratio between HK/LK sections increases
(Figure 4). This is due to a reduction in electromigration
rates from the HK to LK sections. The range of values for
steady-state concentrations under homogenous conditions
are shown as dotted lines and show the expected conditions
without the associated influences of a heterogeneous system.
These are calculated using the method in Wu et al. (2012a),
applying the bromide mass transport values from experi-
ment Tracer_1 (Table 2). Results for HET_2 are closest to
the steady-state nitrate concentration because the HK and
LK effective ionic mobility values are closest. Conversely,
HET_5 values are furthest from steady-state due to the com-
bined effect of a low associated effective ionic mobility in
the LK section and counter electroosmotic flow, which hin-
ders nitrate migration.

Influence of Increasing Hydraulic Conductivity Contrasts
on the Voltage Gradient

EK-driven mass transport increases in heterogeneous
relative to homogeneous systems (Tables 2 and 3), for
example the mass transport for HET 4 is 7.4 x 107 (=
1.1 x 107) compared with 4.5 x 107 (+ 4.4 x 107°) (mg/s)/
(V/m) in equivalent material for Tracer_4. This is because in
heterogeneous settings the voltage gradient is higher across
the zone with a low effective ionic mobility compared with
a homogeneous setting where the voltage gradient is more

Table 3

Nitrate Transport Properties at Steady-State for Experiments HET_2 to HET_5 Quantifying the Effect of
Increasing K Contrasts on Nitrate Migration

HK Transport Properties

LK Transport Properties

Mass Transport [(m/s)/ Migration Velocity Mass Transport [(m/s)/ Migration Velocity Electroosmotic
Experiment (V/m)] [(m/s)/(V/m)] (V/im)] [(m/s)/(V/m)] Permeability (m?%/V/s)
HET_2A 8.4 x 107 (£ 1.4 x 107 4.6x 107 8.2 x 107 (£ 8.6 x 107%) 34 %10 —
HET_2B 8.6 x 107 (£ 1.9 x 107) 6.4 % 10°® 8.8 x 107 (x 1.3 x 107%) 39x%x 10 —
HET_3 9.3x 107 (£ 2.0 x 107 4.6x 107 8.6 x 107 (£ 1.3 x 107) 3.0x 107 —
HET 4 1.0 x 10 (= 1.4 x 1075) 4.7 x 10°® 7.4 %107 (= 1.1 x 107) 38x 107 —
HET_5 5.8 x 107 (2.5 x 1079 53 x 107 3.8 x 107 (7.3 x 1079 1.3x 10 3.8 x 107 (6.4 x 107

The error represents one standard deviation from the mean of values obtained once the experiment has reached steady-state. Both replicates for HET_2 are shown.
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Figure 4. Nitrate concentration in the HK material at steady-
state, calculated from the total mass of nitrate detected in the
sample ports along the HK section and divided by the domain
volume. Lines plotted at nitrate concentrations of 412 and
373 mg/L represent the maximum and minimum steady-state
concentration calculated using values for equivalent material
from the bromide tracer experiment. The error bars represent
one standard deviation from the mean of values at steady-state.

Table 4

Percentage Change in the Voltage Gradient Across
the HK and LK Sections at Steady-State Relative to a
Fixed Voltage Gradient

HK/LK
Effective Ionic
Experiment Mobility Ratio

HK Section LK Section

HET_2A 0.92 —0.7% (+3.9%)  0.7% (+ 3.9%)
HET_2B 0.92 0.3% (£ 2.0%) -0.3% (+ 2.0%)
HET_3 1.28 —19.6% (+ 3.0%) 19.6% (* 3.0%)
HET_4 1.72 —18.5% (+ 2.0%) 18.5% (+ 2.0%)
HET_5 1.97 =30.1% (£1.6%) 30.1% (+1.6%)

The error represents one standard deviation from the mean of values obtained once
the experiment has reached steady-state. Both replicates for HET_2 are shown.

uniform. These experiments show that increasing the K and
associated effective ionic mobility contrast increases the
difference in voltage gradient between the HK and LK sec-
tions (Table 4). In experiments with a low effective ionic
mobility contrast (HET_2) the observed voltage gradient is
distributed evenly, that is, there is little change in the voltage
gradient across the HK and LK zones relative to a uniform
voltage gradient. At higher K contrasts there is a difference
of up to 30% relative to a fixed voltage gradient (HET_S).
The factors controlling this difference can be identified
from Equations 5 and 6 as the spatial change in effective
ionic mobility and subsequent spatial change in the effec-
tive electrical conductivity. Additionally, the spatial change
in migration rates resulting from changes in the effective
ionic mobility will influence the distribution of ions within
the system.

A comparison of the major ion concentrations in the elec-
trolyte (nitrate, chloride, sulphate, sodium and potassium)
across two different K contrasts highlights the complex
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Figure 5. Total ion concentrations and voltage gradient (VG)
for experiments (A) HET_2 and (B) HET_4. Values for the
total ion concentration are calculated from the cumulative
mass of each ion identified at sample ports along the HK and
LK sections divided by the volume of the domain. These values
are in mM because five different ions are included in the analy-
sis. Error bars on (A) represent one standard deviation from
the mean between replicates.

interactions between the effective ionic mobility and the
voltage gradient in heterogeneous settings (Figure 5). In
experiment HET_2 there is minimal difference between the
total ion concentration and voltage gradient (Figure 5A).
However, in HET_4 there is a higher total ion concentration
in the LK zone compared with the HK zone (Figure 5B).
Assuming uniform effective ionic mobility (and according
to Equation 5) this should be reflected by a higher voltage
gradient across the HK section relative to the LK section
because there is a lower concentration and therefore a lower
electrical conductivity. However, the opposite is observed
due to the difference in effective ionic mobility. This dem-
onstrates that under heterogeneous conditions where ionic
mobility varies spatially there will be associated changes in
the voltage gradient.

Experiment Mass Balance

As a quality control check on the operation of the
experiments a mass balance for nitrate was undertaken, by
comparing the mass of nitrate recovered at the end of the
experiment with the known input (Table 5). The amount of
amendment recovered (80% to 90%) is similar to that found
in other electrokinetic transport experiments (73% to 106%)
(Wu et al. 2007; Lohner et al. 2008). Every effort was made
to minimise the loss of nitrate via biological processes

NGWA.org



Table 5

Nitrate Mass Balance at the End of the Experiment
Run for HET 2 to HET 5

Mass Balance

Mass In Mass Recovered Recovery
Experiment (mg) (mg) (%)
HET_2A 4984 4422 89
HET_2B 4582 4119 90
HET_3 5907 5271 89
HET_4 6536 5215 80
HET_5 4644 4067 88

(e.g., denitrification), by sterilising glass beads, synthetic
groundwater and test cell components to kill any microor-
ganisms present. The mass balance suggests this loss was
limited to 10% to 20% in these experiments.

Implications for Field-Scale Application

This study demonstrates that electrokinetic phenomena
can enhance the transfer of amendments across a perme-
ability boundary. The important implication for field appli-
cations is the observation that LK zones cause an increase
in the voltage gradient across that zone. Scaling up these
findings requires consideration of several factors shown in
Figure 6. This scenario assumes that the contamination is
localised within the LK zone and an amendment is added at
the cathode and migrated towards the anode. It is represen-
tative of scenarios where EK is applied to a heterogeneous
subsurface.

Physical heterogeneity will directly affect the choice of
electrode configuration, as this influences the electric field.
There are numerous types of electrode configuration, the
two considered here are unidirectional (shown in Figure 6)
and radial arrangements. Under a unidirectional configura-
tion with a simple K contrast at the field-scale, similar phe-
nomena to those observed in these experiments will occur.

@ Cathodes

=

Anodes

Figure 6. onceptual model of electrokinetic remediation
applied to a contaminated LK zone (gray block) within
a HK host porous media. Labels refer to the aspects of the
treatment that are relevant to consider for upscaling to the
field: 1, electrode configuration and spacing; 2, amendment
properties; 3, properties of the LK zone; and 4, interactions
with groundwater flow.
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However, if the variety and orientation of LK zones var-
ies there will be corresponding perturbations to the applied
electric field. A nonlinear electric field results in nonlinear
ion flow paths, decreasing migration rates between elec-
trodes (Segall and Bruell 1992). A radial configuration con-
sists of a central electrode surrounded by electrodes of the
opposite polarity. In these settings the voltage gradient tends
to be highest adjacent to the central electrode (Alshawabkeh
et al. 1999). This could be enhanced in heterogeneous set-
tings by placing this central electrode within a LK zone and
the surrounding electrodes within the HK host material.
An increase in the spacing between the anode and cathode
results in higher predicted energy expenditure and remedia-
tion times (Alshawabkeh et al. 1999). In the experiments
in this paper, heterogeneity affected the voltage gradient
in a consistent manner, indicating that the influence of
heterogeneity will be independent of the spacing between
electrodes.

Selecting the right amendment concentration for a
treatment requires consideration of several factors and the
trade-offs between them. If amendment concentration is
too high, migration will stall adjacent to the electrode (Wu
et al. 2012a), however, if it is too low insufficient amend-
ment mass will be delivered to the contaminated zone
(Rabbi et al. 2000). Experiments in this paper demonstrate
that, under heterogeneous conditions, the voltage gradient
is highest across the LK zone in a system with a high K
contrast. If amendments were added into these LK zones
via electrode or amendment wells, the higher voltage gra-
dient would counter the effect of the voltage gradient drop
associated with adding high amendment concentrations.
Thus, a higher amendment mass flux into the sediment
could be maintained compared to a homogenous setting.
For example, in clay an amendment concentration equiva-
lent to 0.2 S/m at an electrode spacing of 1 m results in a
60% drop in the voltage gradient next to the cathode com-
pared to a system where the voltage gradient is fixed (Wu
et al. 2012a). Assuming a system where 100 V is applied
between electrodes 1 m apart and homogeneous conditions
where voltage is distributed uniformly the inlet voltage gra-
dient decreases from 100 V/m to 40 V/m. In a heteroge-
neous setting where an increase of 30% relative to a fixed
voltage gradient is observed across a LK zone equivalent
to half the sediment section (Table 4), the voltage gradient
would drop from 130 V/m to 52 V/m.

The type of K contrast will influence the effect on the
voltage gradient. For example, a graduated contrast from
LK to HK could cause a step-like increase in the voltage
gradient. Alternatively a HK-LK-HK contrast as in Figure 6
would create an increase in the voltage gradient specifically
over the LK zone. Furthermore, it is important to maximise
current density against the surface area of the LK zone to
enhance mass flux perpendicular to the electric field and
increase treatment efficiency. For example, in Figure 6 the
LK zone is normal to the direction of the electric field, expos-
ing a large surface area to the amendment flux. However,
in scenarios with multiple, narrow, LK (e.g., clay) lenses
the treatment efficiency may drop because less amendment
reaches the target location, with implications for treatment
costs (Wu et al. 2012b).
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An advective flow field will also have an important con-
trol on the configuration of an EK field setup. Advection
will be more dominant in HK material, whereas EK will
be more important in LK material. For example, calculated
advective bromide mass flux (hydraulic gradient: 0.1; con-
centration: 1 g/L) in HK and LK materials is 2.2 x 102 and
4.5 x 1077 g/m?s, respectively, compared with an observed
bromide electromigration mass flux in HK and LK material
of 1.2 x 10™*and 7.4 x 10~ g/m?*/s, respectively. In HK mate-
rial solute transport by EK cannot easily override advec-
tion in the opposite direction (Eid et al. 1999). However,
for treatments to be effective in scenarios such as Figure 6,
an amendment must first migrate through the HK section
to reach the target LK zone. The solution is to position the
electric field so that it complements the existing advective
flow field (as shown in Figure 6), or place the amendment
injection well/ electrode within the LK zone, thus eliminat-
ing the influence of the advective flow field.

Conclusions

Physical heterogeneity in granular porous media, rep-
resented by a K contrast, exerts an important influence on
the migration, under an electric field, of nitrate used as an
amendment for bioremediation. In heterogeneous settings
K contrasts reflect a spatial change in the effective ionic
mobility, with subsequent control on the migration rate of
an amendment and the distribution of the voltage gradient.
The spatial change in migration rate leads to an accumula-
tion of the amendment at the interface between high- and
low-K zones, relative to the steady-state concentration.
Moreover, in heterogeneous settings the voltage gradient is
highest in zones where the effective ionic mobility is low-
est. This leads to higher mass transport in LK zones within
a heterogeneous setting relative to the same material in a
homogeneous setting.

Overall these results show that EK application in het-
erogeneous settings is controlled by the same mechanisms
in homogeneous settings, but that the distribution in amend-
ment migration rates and voltage gradient vary relative to
the change in the effective ionic mobility. These phenomena
can be manipulated at the field-scale to either establish a
high voltage gradient across the inlet zone, to increase the
mass of amendment that enters the system, or ensure that a
high voltage gradient is established across the zone targeted
for bioremediation, to enhance biodegradation in situ. Thus,
EK is not restricted in the heterogeneous configurations
investigated in this study. Further work on the effectiveness
of EK in heterogeneous systems should consider more com-
plex heterogeneous configurations and attempt to quantify
the effect of resulting non-uniform electric fields on amend-
ment migration. In addition, EK experiments examining
physical heterogeneity should be extended to include other
variables, such as microorganisms for contaminant biodeg-
radation, to determine their mobility under EK.
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