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Canadian Biosystems Engineering/Le génie des biosystèmes au
Canada 47: 1.15 - 1.21. Groundwater contamination due to nitrate
movement is a major concern in many agricultural and livestock
producing areas. Nitrates, being anions, are free to move in a soil
system. In recent times, electrokinetic techniques have been used for
transporting metal contaminants and other colloids in the soil. The
application of an electrokinetic potential difference in reverse may also
be used to retard the spread of nitrate ions in a soil. This study was
aimed at using electrokinetics to restrict the movement of nitrate ions
against a flow induced by a hydraulic gradient of 1.25 and concentrate
the nitrate ions at a desired location. Thus, by retarding the movement
of nitrates at certain locations, the spread of nitrate contamination can
be limited to a smaller volume of soil. A 500 mg/L nitrate-N solution
was connected to the inflow end of columns subjected to a hydraulic
gradient of 1.25 and the profile of nitrate-N concentration was
monitored as a function of time and distance. The anode was located
at the inflow end to retard the movement of nitrate ions against the
hydraulic gradient. The results showed that applying an electrical
potential gradient to the soil caused the anode (positive electrode) to
attract and accumulate nitrates rapidly at the anode end thus preventing
the movement of nitrate-N further into the soil column. In the electrical
columns, the Nitrate-N concentrations at a relative distance of 0.2 from
the anode end was significantly lower (p<0.05) showing that the anode
can effectively retard nitrate movement against a hydraulic gradient of
1.25. By strategically locating the electrodes in the field, an
electrokinetic nitrate ion barrier can be created against existing local
hydraulic gradients in the groundwater. Keywords: electrokinetic
retention, electrokinetic accumulation, nitrates, apparent electrical
conductivity.

La contamination des nappes phréatiques par les nitrates est une
préoccupation majeure dans plusieurs zones agricoles et d’élevage. Les
nitrates, étant des anions, se déplacent librement dans les sols. Au
cours des dernières années, on a fait appel à la technique
électrocinétique pour déplacer des métaux ainsi que d’autres colloïdes
dans les sols. L’utilisation d’une différence de potentiel
électrocinétique inversée peut aussi permettre de retarder la diffusion
des ions nitrates dans un sol. Cette étude avait pour objectif de
restreindre le mouvement des ions nitrates dans la direction inverse
d’un écoulement induit par un gradient hydraulique de 1,25 et une
concentration en ions nitrates à un endroit voulu par l’utilisation d’une
technique électrocinétique. En retardant la diffusion des ions nitrates
à certains endroits, l’étalement de la contamination en nitrates peut être
limitée à un plus petit volume de sol. Une solution de nitrate-N ayant
une concentration de 500 mg/L a été raccordée à l’entrée de
l’écoulement à l’intérieur de colonnes soumises à un gradient
hydraulique de 1,25 et les profils de concentration de nitrates-N ont été
mesurés en fonction du temps et de la distance. Une anode était située
à l’entrée de l’écoulement pour retarder le mouvement des ions nitrates

dans l’écoulement. Les résultats ont montré qu’une anode (électrode
positive) peut attirer et accumuler des nitrates rapidement sur l’anode
lorsqu’une différence de potentiel est appliquée sur un sol, prévenant
ainsi le mouvement des nitrates-N dans une colonne de sol. Dans les
colonnes électriques, les concentrations en nitrates-N à une distance
relative de 0,2 du bout de l’anode étaient significativement moins
élevées (p<0,05) démontrant que l’anode peut retarder de manière
efficace le mouvement des nitrates contre un gradient hydraulique de
1,25. En disposant de telles électrodes de manière stratégique dans un
champ, une barrière électrocinétique contre les ions nitrate peut être
créée pour contrer les gradients hydrauliques locaux venant de nappes
phréatiques. Mots clés: rétention électrocinétique, accumulation
électrocinétique, nitrates, conductivité électrique apparente.

INTRODUCTION

Movement of chemicals through soils to groundwater has
become a serious problem in many agricultural and livestock
producing areas. The over-application of fertilizer and livestock-
waste in agricultural fields contributes to this problem. One of
the major concerns about chemical movement is the presence of
nitrates in soil. Nitrates, being anions, are not held by the cation
exchange systems in the soil. Therefore, nitrates, when found in
excess, can easily move within the soil and reach the
groundwater aquifer below.

The electrokinetic technique uses direct current (DC)
potential applied to the soil to transport soil water and
substances in the soil water (Acar and Alshawabkeh 1993). An
electrical potential gradient initiates movement by electro-
osmosis (movement of pore fluid), electrophoresis (charged
particle movement), and electrolysis (chemical reactions due to
the electric field). Electrokinetic technique has many valuable
applications in the construction industry (Adamson et al. 1966)
and has been used in remediating heavy metal contaminated soil
and water (Alshawabkeh et al. 2005; Eykholt and Daniel 1990;
Sah and Lin 1999). The idea of using electrical fields to prevent
the contaminant migration was conceived by Lageman et al.
(1989). Yeung (1994) conducted laboratory scale experiments
to control the migration of contaminants across a compacted
clay liner. Narasimhan and Sri Ranjan (2000), using a 2-D
computer model verified by laboratory experiments, showed
that an effective barrier to water flow can be formed using
electrokinetics.

Cairo et al. (1995) studied the electro-migration of nitrates
in soil and observed that the nitrate concentration in saturated
soil increased from anode to cathode. The increase in nitrate
concentration towards the cathode may have been caused by
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electro-osmosis. However, when the soil water content dropped
below the saturation level, the competing electro-osmosis
advection was overcome by the net migration of nitrates
towards the anode. In a laboratory experiment to enhance
bioremediation, Budhu et al. (1997) tried to transport nitrate
ions through slurried clay. Their results showed that the nitrate
concentration decreased for the first one-third of the column
from the cathode and then increased towards the anode. Eid et
al. (2000) studied the electro-migration of nitrates in a sandy
soil under flow due to electrical potential gradient and under no
flow situations. The system showed that nitrate was
concentrated at the anode and the movement was affected by the
pH gradient. Rawahy et al. (2003) tried to attract and retain
nitrates in the root zone of drip irrigated barley in small
lysimeter trials to prevent groundwater contamination. Nitrate
content near the anode was higher during a portion of the test,
but electrical input did not have any effect on nitrate distribution
at other times, attributed to careful management of water and
nitrate inputs.

If we can restrict the nitrate movement against a hydraulic
gradient, then it may help retard the contamination due to the
spreading of nitrate ions. This study was aimed at using
electrokinetic methods to retard the movement of nitrate ions
against hydraulic flow, thereby, concentrating nitrates at a
desired location. Subsequently, the pore water containing
concentrated nitrate ions can be pumped out for further
treatment outside the zone of contamination. By restricting the
movement of nitrates to certain locations, the spread of nitrate
contamination will be minimized. Therefore, the specific
objectives of this study were to conduct a laboratory scale
experiment to determine the use of electrokinetics as a means of
retarding nitrate movement to establish a nitrate ion barrier and
to reduce the contaminant spread and concentrate nitrates to a
location.

MATERIALS and METHODS

A laboratory scale experiment was set up to determine the effect
of electrokinetic treatment on the nitrate concentration in the
pore water. The laboratory equipment used in the study
consisted of:

C six plexiglas columns outfitted with four pore water
extraction ports along the length,

C a constant head flow device,
C a flow rate measuring system at the outflow end,
C a constant voltage source,
C a data acquisition system consisting of a 24-channel

multiplexer for measuring the voltage distribution
along the soil column,

C Time Domain Reflectometry (TDR) mini-probes to
monitor water content and apparent electrical
conductivity (ECa).

Plexiglas soil columns

Six plexiglas columns were used in the experiment where three
columns were subjected to a hydraulic gradient and referred to
as hydraulic columns (H Columns) and the other three columns
were subjected to an electrical potential gradient in addition to
the hydraulic gradient and referred to as electrokinetic columns
(EK+H Columns). The columns were 0.30 m long and had
0.030 m long spacers at both inflow and outflow ends to provide
influent and effluent reservoirs, respectively. The length of the

soil column was thus 0.24 m having an internal diameter of
0.045 m. Each column had two removable end-plates that had
one port each for solution inflow to the column and outflow
from the column. An O-ring kept the seal between the end-plate
and the column. In order to take pore fluid samples, each
column had four ports spaced 0.060 m apart along the length of
the column starting at 0.045 m from the upstream end. Time
Domain Reflectometry (TDR) mini-probes, to monitor water
content and Eca, were inserted through four additional holes of
0.014 m internal diameter located 0.060 m apart, along the
length, starting at 0.015 m from the upstream. All six columns
had ports above spacers at both ends to facilitate the removal of
entrapped gases and also to extract fluid samples.

The electrokinetic columns also had four additional ports at
the same distances but radially at right angles to the pore fluid
collection ports. Platinum electrodes were inserted into these
ports to monitor the electrical potential gradient along the
length. The end-plates of the electrokinetic columns contained
a port for installing the negative electrode (cathode), for the
inflow end-plate, and the positive electrode (anode), for the
outflow end-plate. A schematic diagram of the electrokinetic
column is shown in Fig. 1.

Measurement of hydraulic flow

The constant head at the upstream end of the sample was
provided by an inverted glass bottle over a cylindrical reservoir.
There were six outlets in the reservoir which were connected to
the inlet ends of the six soil columns through chemical resistant
nylon pipe fittings. The outflow ports of the end plates were
individually connected to thin-walled glass tubes (2.4 mm
diameter and 1 m long) that were mounted horizontally on a
graduated scale. This arrangement ensured a constant hydraulic
gradient for the columns at the downstream end and facilitated
the measurement of flow rates through each column by tracking
the movement of menisci. These flow rates were used to
calculate the hydraulic conductivity.

Voltage application and data acquisition

The electrokinetic columns were attached to control devices to
apply the potential difference to the column and to monitor the
drop in electrical potential difference along the length of the
column. Platinum electrodes of 0.5 mm diameter were used for
this purpose. Platinum electrodes were used to minimize
corrosion under varying pH conditions created by the
electrolysis reactions. The constant voltage across the soil
sample was supplied and maintained by a BK Precision® DC
Power Supply 1610. A specially designed 24-channel
multiplexer was coupled with a Hewlett Packard® Multimeter
(Model 34401 A) to measure voltage drops along the columns
and the current in the samples. A computer controlled data
acquisition/control system was used to continuously monitor the
voltage distribution along the length of the soil columns. The
system can apply a DC voltage continuously or in a cycle. The
voltage potential gradients along the length of the soil columns
were also measured using platinum electrodes. The four voltage
drop measurement ports were spaced 0.06 m apart starting at
0.045 m from the upstream end of the soil column.

Four holes of 0.014 m internal diameter were located 0.06 m
apart, along the length starting at 0.015 m from the upstream to
insert TDR mini-probes to monitor water content and apparent
electrical conductivity of the soil. The TDR mini-probe
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Fig. 1. Schematic diagram of the electrokinetic column (EK+H column) used in the electrokinetic experiment.

Table 1. Bulk density and porosity of the soil columns.
  

Sample No. Bulk density
(Mg/m3)

Porosity
(%)

Hydraulic columns (replicates)
H1

H2

H3

1.42
1.42
1.40

46.4
46.4
47.2

Electrokinetic columns (replicates)
E1

E2

E3

1.46
1.40
1.47

44.9
47.1
44.5

consisted of three 1.5 mm diameter stainless steel rods that were
35 mm in length. A two meter coaxial cable was used to connect
the TDR mini-probe to the TDR cable tester. A Tektronix®

1502B metallic TDR cable tester was used to obtain waveforms
from TDR mini-probes for water content and ECa determination.

Experimental soil

Soil used for the laboratory-scale experiment was obtained from
the Manitoba Crop Diversification Center in Carberry,
Manitoba. The soil was collected from a depth of 0.4 - 0.6 m.
The soil sample was air dried and the clods were broken using
a rubber mallet. The dry soil was then sieved through a 2-mm
sieve and the soil retained by the 2-mm sieve was discarded.
Soil passing through the 2-mm sieve was used in the
electrokinetic experiments.

The particle size distribution was 20% sand, 54% silt, and
26% clay. Based on the textural triangle of the USDA
classification scheme, the soil can be classified as a silt loam.
The particle density of the soil was found to be 2.65 Mg/m3. The
pH of the soil suspension was found to be 7.5. The electrical
conductivity of the soil-water extract was found to be 9.5 dS/m
at 25oC.

Experimental procedure

Soil column preparation  In packing the soil columns, care was
taken to ensure a uniform bulk density along the length of the
columns. The columns were packed with air-dried soil in
10!mm lifts to achieve uniformity. The soil was tamped using

a tamping device. After packing each section, the surface was
scarified to prevent formation of any distinct and denser layers
in between. On both ends, a thin piece of nylon mesh disk was
placed between the soil in the column and the perforated spacer
to prevent soil being washed out.

The bulk densities of the soil in the columns were in the
range of 1.40-1.47 Mg/m3. The bulk densities and the porosity
of the hydraulic columns and the electrokinetic columns are
given in Table 1.

Saturation of the soil columns  The soil columns were
saturated using de-ionised and de-aired water. The soil columns
were mounted on a specially designed column holder vertically.
While saturating the column, care was taken not to trap air that
might hinder the saturation process. To avoid the formation of
air pockets, the columns were flushed with carbon dioxide for
two days so as to displace the air from the pore spaces. This
would prevent the formation of air pockets as carbon dioxide is
more soluble in water than air. After two days, the inflow ends
of the column at the bottom were connected to a tank of
de-ionized and de-aired water supply. The movement of the
wetting front was maintained at less than 0.01 m/h by
controlling the flow into the soil columns. After complete
saturation, the orientation of the columns was changed to the
horizontal position. Instrumentation was then added to the
columns. Platinum electrodes for electrical columns were
inserted and connected to the data acquisition system. TDR
mini-probes were inserted, sealed in place using silicone, and
connected to their coaxial cables. Reservoirs were created for
pore fluid extraction. Thin walled perforated plastic tubes were
inserted into the reservoir to prevent the collapse of soil into
these reservoirs. Water was allowed to pass through the soil
columns for a week to stabilize the system.

Monitoring water content and ECa  The changes in the water
content and ECa were monitored daily by connecting the TDR
mini-probes individually to a TDR cable tester. The individual
waveforms were stored in a computer and a Quick Basic
Computer program was used to extract water content and ECa

values from these waveforms. As application of a voltage may
affect TDR measurements, the TDR measurements were made
only when the voltage potential gradient was not applied to the
electrokinetic columns during the OFF cycle.
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Fig. 2. Nitrate concentrations in soil columns as affected by the electrokinetic

treatment. Error bars represent the standard error among three 

replicates.

Voltage drop measurements  The voltage drop along the
length of the soil column and the current flowing through the
soil sample were measured using the computer controlled data
acquisition program. Reddy and Saichek (2004) have used the
intermittent application of the current to facilitate the
solubilization of phenanthrene. However, the high solubility of
nitrates did not necessitate the cycling of the current but the gas
formation at the electrodes was of concern. In this study, the
electrical potential gradient was applied intermittently to avoid
the build up of gas bubbles at the electrode surface from
interfering with the electrical contact with the pore water. The
electrical control and data acquisition systems were set up to
apply a 24-V DC potential difference on a two-hour ON, two-
hour OFF cycle to the electrokinetic columns. When the power
supply was switched ON the voltage drops along the length of
the columns were measured every 30 minutes.

Nitrate contamination and electrokinetic treatment protocol
Once the flushing of the columns with de-ionized water was
completed, the experiment was started by connecting the inflow
ends of the columns to a reservoir of 500-mg NO3-N/L
potassium nitrate solution. A constant hydraulic gradient of 1.25
was maintained throughout the experiment in all the columns.
After introducing the KNO3 solution at the upstream end, the
voltage application and data acquisition system controlled by a
computer program was activated. The intermittent application
of electrical potential was continued for a thirteen-day period.

Pore water sampling and soil column
sectioning  The concentration profile of
nitrate and ammonium ions, and pH was
found in two ways. To monitor chemical
changes during the experiment, pore
water samples were extracted from the
ports that were located 0.06 m apart
along the length of the column starting at
0.045 m from the upstream end. A
one!mL disposable syringe was used to
extract the pore fluid accumulating in the
sampling cavities. To avoid cross-
contamination while sampling, syringes
were assigned to each port and were not
interchanged. After each sampling, all
the syringes were throughly rinsed with
de-ionized water. The sampling was
done before the start of the experiment
(Day 0), one day after the start of the
experiment (Day 1), and thereafter every
other day until the end of the experiment.
A sample of 0.4 mL was extracted and
diluted by 15 times using an electronic
scale. Samples showed varying degrees
of opaqueness because of the fine soil
particles present in them. Because nitrate
and ammonium chemical analyses were
based on colorimetric principles, these
particles may interfere with their
determination. Therefore, the samples
were centrifuged at 10,000 rpm for ten
minutes to remove these particles. The
supernatant was then stored in a
refrigerator prior to analysis.

At the end of the experiment, a destructive analysis of the
columns was done to verify the nitrate and ammonium, and pH
profiles of the column. At the conclusion of the experiment, the
columns were sectioned to chemically analyze the soil. Nitrate
content of the diluted samples was analyzed using a Technicon®

autoanalyzer. The pH of the pore water solution was measured
using a Corning® pH meter 130. 

RESULTS and DISCUSSION

Nitrate concentrations

Figure 2 illustrates the changes in nitrate-nitrogen concentration
along the length of the columns during the experiment. The first
graph (Day 0) represents the situation before the 500 mg/L
KNO3 solution was added at the anode end. A day after the
KNO3 solution was added and the electrical potential applied,
the nitrate concentrations in both hydraulic and electrokinetic
columns rose to about 400-500 mg/L. The nitrate concentrations
in electrokinetic columns tend to rise slightly  more than those
in the hydraulic columns (Day 1) and significantly  higher
(p<0.05) (Table 2). By five days, the nitrate concentrations at
the anode end of the electrokinetic columns doubled but
apparently did not reach the first port located 0.2 relative
distance away from the anode). The reason for this quick rise in
concentration at the inflow ends of electrokinetic columns were
due to the accumulation of nitrate from the KNO3 contaminant
source at the anode due to electro-migration. In hydraulic
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Table 2. Nitrate concentrations in soil columns as affected by the
electrokinetic treatment (anode at the inflow end).

  

Day Relative distance
(from the anode)

Mean nitrate-N (mg/L)
CV R2

H column EK+H column

1 0.0
0.2

399.0
0.2

473.8*
0.0  

2.3
245.0

0.99
0.60

3 0.0
0.2

452.0
41.7

854.0**
0.3

5.6
97.0

0.94
0.80

5 0.0
0.2

455.0
59.1

1100.0***
3.4

3.2
95.0

0.99
0.75

7 0.0
0.2

481.5
87.8

1331.5
0.0

6.3
108.0

0.99
0.78

9 0.0
0.2

474.9
105.0

1416.0*
0.7*

15.5
42.7

0.97
0.95

11 0.0
0.2

478.2
127.7

1548.0**
0.3*

8.0
42.5

0.99
0.95

13 0.0
0.2

490.2
148.4

1922.0**
0.2*

7.5
38.0

0.99
0.95

Mean comparison significantly different at: * p<0.5; ** p<0.01; 
*** p<0.001; all others not significantly different (SAS version 8.02)

Fig. 3. Nitrate-nitrogen concentration at anode as influ-
enced by the electrokinetic treatment. The error bars
represent the standard error among three replicates.
Total time includes time during which DC voltage
was OFF.

Fig. 4. Nitrate-nitrogen concentration at a relative distance
of 0.2 as influenced by the electrokinetic treatment.
The error bars represent the standard error among
three replicates. Total time includes time during
which DC voltage was OFF.

columns, the nitrate concentrations at the first ports began to
increase and varied between 10-70 mg/L. On Day 7, the nitrate
concentrations at the anode ends in the electrokinetic columns
were about two and one-half times those in the hydraulic

columns. In contrast to the electrokinetic columns, at
a relative distance of 0.2 the nitrate concentrations in
the hydraulic columns continued to rise. Nitrate
concentrations at the anode in the electrokinetic
columns tripled by Day 9. Based on SAS analysis
(SAS 2002) of the data, nitrate concentrations at a
relative distance of 0.2 from the anode were
significantly lower (p<0.05) in the electrical columns
showing that the anode can effectively hold nitrate
movement against a hydraulic gradient of 1.25
(Table 2).

By Day 13, the nitrate concentrations at the anode
end of the electrokinetic columns were close to four
times that in the hydraulic columns. The nitrate
concentrations at the first ports (0.2 relative distance
from the anode) in the hydraulic columns varied
between 95-180 mg/L, whereas in the electrokinetic
columns, the nitrate ions did not reach the first ports.
The difference in concentration of nitrate ions was
found to be significantly lower (p<0.05) in the
electrokinetic columns. This shows that an anode can
hold back nitrate ions against a hydraulic gradient of
1.25. 

Figure 3 shows the changes in nitrate-N
concentration at the inflow end during the experiment.
The nitrate concentrations in the hydraulic (control)
columns were about 500 mg/L and did not show any
appreciable changes. The concentrations at the inflow
end of the electrokinetic columns rose several fold to

about 2000 mg/L nitrate-N in 13 days. As Fig. 4 shows, the
nitrate-N in hydraulic columns moved up to the first port (0.2
relative distance from the anode) and the concentrations at this
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Fig. 5. Apparent electrical conductivity in soil columns as affected by the
electrokinetic treatment. Error bars represent the standard error among
three replicates.

point were steadily increasing. In the electrokinetic columns,
however, the nitrate did not reach the first port.

The results show that applying an electrical potential
gradient to the soil causes the anode to attract and accumulate
nitrates rapidly at the anode end. In a field situation, by having
a timed-pumping operation, the concentrated nitrate can be
evacuated to a confined, safer location for further treatment.
Treatments like biological denitrification systems and catalytic
systems can be used for such purpose. These systems convert
nitrate to nitrogen gas.

Despite having a steep nitrate gradient at the inflow end, the
anode restricted the movement of nitrates further into the
column. As demonstrated, such retardation effectively curtails
the movement of nitrates against an applied hydraulic gradient
as high as 1.25 and forms a nitrate ion barrier around the anode.
In the field, by strategically locating the electrodes, an
electrokinetic nitrate ion barrier may be created against existing
natural hydraulic gradients. 

Apparent electrical conductivity (ECa)
Figure 5 illustrates the changes in ECa along the columns during
the experiment. Before the start of the experiment, both types of
columns showed similar ECa values. The ECa values show a
tendency to increase towards the outflow end as water flow
tends to wash soil solutes and accumulate towards the outflow
end. With the introduction of KNO3 solution at the inflow end,

the ECa values at the inflow ends
increased. By Day 5, the ECa values at
the cathode end decreased because of the
build up of OH- ions. Although there was
accumulation of NO3

- at the anode end,
the ECa values were yet to decrease as the
H+ ions are also produced at the anode.
By Day 7, ECa values at the anode end
started to decline as more and more
nitrate ions accumulate at this end. For
the remainder of the experiment, the ECa
values at both ends decreased further
because of continuous build up of nitrate
and hydroxyl ions at the anode and
cathode ends, respectively. ECa values in
hydraulic column follow the nitrate
movement. In electrokinetic columns
TDR probes respond to NO3

- and OH-

ions accumulation and movement.

Water content
The TDR probes monitored the changes
in the water content in all columns. The
volumetric water content values varied
between 0.40-0.45 m3/m3. The water
content slightly decreased towards the
end of the column for both types of
columns. 

The water contents of the hydraulic
columns were slightly higher than those
from the electrokinetic columns. The
changes within a group of columns or
between columns were not significantly
different. The porosity values varied
between 0.44 - 0.47.

Hydraulic conductivity and flow
The average hydraulic conductivity was about 10.0 × 10-6 m/s.
After application of the voltage, the hydraulic conductivity of
the electrokinetic columns slightly increased to 12.5 × 10-6 m/s.
The increase may have been due to the cathode pulling water
towards it. Because the columns are all saturated completely,
this slight increase in hydraulic conductivity was not reflected
on the TDR water content values. The average flow through
hydraulic columns was 9.5 × 10-6 m3/d. The average flow
through the electrokinetic columns was 17.1 × 10-6 m3/d.

pH
The pH in the hydraulic column was about 6.5 and did not
change during the experiment. In contrast the pH in the
electrokinetic columns decreased to about 4.0 near the anode
and increased to about 8.0 near the anode and was attributed to
the production of H+ and OH- ions from the hydrolysis,
respectively.

CONCLUSIONS

The results showed that applying an electrical potential gradient
to the soil caused the anode to attract and accumulate nitrates at
the anode end. In a field situation, by having a timed-pumping
operation, the concentrated nitrate can be evacuated to a
confined, safer location for further treatment. Treatments like
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biological denitrification systems and catalytic systems can be
used for such purpose. These systems convert nitrate to nitrogen
gas.

The application of an electrical potential gradient also
retarded the nitrate ion movement. The anode retarded the
movement of nitrates further into the column despite having a
steep nitrate concentration gradient at the inflow end. Nitrate
concentrations at a relative distance of 0.2 from the anode in the
electrical column were significantly lower (p<0.05) showing
that an anode can effectively retard nitrate movement against a
hydraulic gradient of 1.25. As demonstrated, such retardation
effectively controls the movement of nitrates against an applied
hydraulic gradient and forms a nitrate ion barrier around the
anode in the groundwater. The anode can hold nitrate ions
against a relatively high hydraulic gradient. By strategically
locating the electrodes in the field, an electrokinetic nitrate ion
barrier may be created against existing local hydraulic gradients
in the groundwater. The TDR probes used in the experiment
allowed non-destructive monitoring of the water content and
apparent electrical conductivity that are two important
parameters of successful application of electrokinetic
technology.
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