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Electro-osmosis, a coupled-flow phenomenon in which an
applied electrical potential gradient drives water flow,
may be used to induce water flow through fine-grained
sediments. Test cell measurements of electro-osmotic
transport in clayey cores extracted from the 27—31 m depth
range of the Lawrence Livermore National Laboratory

site indicate the importance of pH control within the anode
and cathode reservoirs. In our first experiment, pH was
not controlled. As aresult, carbonate precipitation and metals
precipitation occurred near the cathode end of the core,
with acidification near the anode. The combination of these
acid and base reactions led to the decline of electro-
osmotic flow by a factor of 2 in less than one pore volume.
In a second experiment, long-term water transport (>21
pore volumes) at stable electro-osmotic conductivity (keo ~
1 x 1079 m¥s—V) was effected with anode reservoir pH
> 8, and cathode reservoir pH < 6. Hydraulic conductivity
(kn) of the same core was 4 x 1071 m/s under a 0.07
MPa hydraulic gradient without electro-osmosis. Stable
electro-osmotic flow was measured at a velocity of 4 x 10~7
m/s under a 4 V/cm voltage gradient, and no hydraulic
gradient—3 orders of magnitude greater than the hydraulic
flow. We also observed chloroform production in the
anode reservoir, resulting from electrochemical production
of chlorine gas reacting with trace organics. The
chloroform was transported electro-osmotically to the
cathode, without measurable loss to adsorption, volatilization,
or degradation.

Introduction

Fine-grained sediments contaminated with organic solvents
are pollution sources, slowly diffusing dissolved contaminants
into adjacent high-permeability zones, leading to ground-
water contamination. Since hydraulic pumping in a het-
erogeneous matrix draws water primarily through the coarse-
grained zones, circumventing finer-grained zones with higher
contamination, mechanical pump-and-treat technology is
not effective in the cleanup of clayey, fine-grained zones. We
are therefore exploring the use of in-situ electro-osmotic
pumping to flush contaminants from fine-grained sediments
1-3).
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Electro-osmotic pumping of water is a well-known
technology with applications in structural engineering for
soil stabilization (4), mining (5), and remediation (6—10).
Electromigration, electro-osmosis, and electrophoresis are
collectively referred to as electrokinetics (11). Electrokinetic
soil remediation technology employs electrodes placed in
the ground with a direct current (DC) passed between them
using an external power supply. A good recent review of
electrokinetic remediation, describing many recent tech-
nological innovations, has been published by Virkutyte and
co-workers (12). Electromigration may be used for removal
of metal contaminants, such as lead, cadmium, and copper
(8, 10, 12, 13). Electro-osmosis is a secondary effect arising
from electromigration of cations through the porous matrix
under an applied electrical potential. Clays have a net negative
surface charge, balanced in the Helmholtz double layer by
exchangeable cations. The flow of current results in move-
ment of these cations and their associated water of hydration
from anode to cathode, entraining contaminants, if present
in the pore water, in the flow. Thus, electro-osmotic pumping
can increase well yield in fine-grained sediments 2—3 orders
of magnitude over flow rates achievable by hydraulic
pumping alone. Electro-osmotic pumping technology offers
great potential for controlled cleanup of fine-grained sedi-
ments, since flow follows the domain of the imposed electric
field and passes preferentially through fine-grained sediments
due to their greater electrical conductivities. It is an in-situ
technology, requiring no excavation.

Electrolysis reactions at the anode and cathode result in
the water splitting reactions:

anode: 2H,0 — 4H" + 0, + 4e~ @)
cathode: 4H,0 + 4e” —40H + 2H, 2

Other electrochemical reactions may occur, depending on
the species present in the electrode reservoirs. For example,
Cl, may be formed at the anode from CI~.

We present work investigating the management of
electrolyte pH to prevent progressive decline in electro-
osmotic flow rates. For electrokinetic metal removal, standard
methodology utilizes controlled pH shifts, entraining the acid
generated from water electrolysis at the anode in the
electrokinetic flow to desorb metals and keep them solu-
bilized for removal from the clay surface (7, 10, 12—15). In
contrast, our work aims to remediate organics from soils,
and therefore we are exploring the use and management of
electro-osmotic processing fluids that maintain stable anode-
to-cathode flow and controlled pH. Some earlier evidence
suggested that pH control of anode water in the neutral to
basic range promotes flow (16, 17), and acid addition to the
cathode helps to control carbonate and hydroxide precipita-
tion reactions in the vicinity of the cathode (14, 18). Reduction
in flow rates due to precipitate formation has been reported
and addressed using buffers (8), continuous rinsing of the
cathode (19), and chelating agents such as EDTA (20). lon
exchange membranes may be a good solution, as described
by Ottosen and co-workers (10) and by Li et al. (21), but they
are somewhat difficult to implement in the field due to their
fragility and lifetime (22). In addition, acidification of the
soil still occurs under typical implementation conditions,
which favors solubilization and removal of metals, but leads
to instability of the soil. Further, these membranes typically
exhibit low permeability to the larger organic contaminants.
For the application to removal of organics, avoidance of any
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pH gradients is desirable to allow long-term electro-osmotic
flushing without affecting the matrix.

We also explore the use of electro-osmosis to transport
volatile organics through low-permeable sediments to re-
move it from the contaminated groundwater zone at the
Lawrence Livermore National Laboratory (LLNL) site. Several
studies of electro-osmotic removal of polar aromatic com-
pounds have been reported. Combined contaminants, met-
als, and polycyclic aromatic hydrocarbons were removed
via electrokinetic transport in a series of laboratory experi-
ments by Maini et al. (14). In this case, electro-osmotic
transport of these slightly soluble organics (90% removal)
was much more significant than the electromigration of toxic
metals, even with no surfactants. Similarly, phenol and
pentachlorophenol were removed at 85% efficiency with
electro-osmotic water flushing by Kim et al. (18). Li and co-
workers demonstrated the use of cosolvents to efficiently
mobilize phenanthrene (23). Ko et al. reported enhanced
electrokinetic phenanthrene removal using a cyclodextrin
complexing agent, which may be a more promising mobi-
lization approach than detergents, which adsorb to clay
surfaces (24).

We are particularly interested in the transportand removal
of chlorinated solvents. Several projects studying the trans-
port of weakly polar volatile chlorinated solvents with electro-
osmosis have been attempted previously (25, 26). Reactive
barriers using zerovalent iron for removal of halogenated
species are well-known (27). The Lasagna Project at the
Paducah Gaseous Diffusion Plant demonstrated electro-
osmotic transport of trichloroethylene through reactive
barriers (carbon, iron filings) resulting in removal rates of up
to 99% (6). Rohrs and co-workers demonstrated up to 80%
removal of chlorinated butadiene, butenes, and butanes
within the soil matrix, but without evidence of transport.
They assert that the contaminants were degraded, possibly
with catalysis by naturally occurring conductive metal oxides,
aided by high pH and reducing conditions. This raises the
possibility that transport of contaminants out of the soil may
not be necessary for their degradation and removal (28).

Experimental Section

We have designed and built two functionally equivalent test
cells to measure hydraulic and electro-osmotic flow, hydraulic
gradient, electrical current, and voltage distributions. Test
Cell 2was built to avoid problems with corrosion and difficult
assembly encountered with Test Cell 1. With these benchtop
cells, we made measurements of hydraulic (kn) and electro-
osmotic (ke) conductivities of a soil core during the progress
of electro-osmotic treatment. Hydraulic conductivity, kp, is
obtained using Darcy’s Law

qL
ko =1iA 3)

where gy, is the hydraulic flux, L is the length of the core, H
isthe hydraulic pressure gradient, and A is the cross-sectional
area of the core. The electro-osmotic conductivity, Keo, is
calculated using

Oeol
0 = Ex €)

where geo is the electro-osmotic flux, L is the length of the
core, and E is the voltage drop.

For both cells, a 0—50 V Hewlett-Packard 6633B power
supply was employed in DC constant voltage mode for
electro-osmotic transport experiments. Water was supplied
to the anode side of the cell by a standpipe during elec-
tro-osmotic flow measurements and by a pressurized water
vessel for hydraulic flow measurements. Gases generated

TABLE 1. Typical Characteristics of LLNL Groundwater Used
for Experiments

parameter value
total Ca 88 mg/L
total Mg 38 mg/L
total Na 124 mg/L
total K 1.2 mg/L
PO43~ 0.2 mg/L
Cl- 137 mg/L
S042~ 46 mg/L
NO3~ 5.4 mg/L
SiO, 30 mg/L
pH 8.0
electrical conductivity (25 °C) 100 umhos/cm

via electrolysis were free to escape through the standpipes.
The water used for all experiments was LLNL site ground-
water, obtained from the on-site treatment facility after
filtration with granular activated carbon (for removal of
organic contaminants), with no added chlorine or other
adulterants. Typical major ion concentrations of this water
are shown in Table 1. Two narrow diameter standpipes,
outfitted with 0—1.25 psi (0-8618 Pa) pressure transducers
(Validyne DP 215-50), were used to measure water inflow
and outflow.

TestCell 1. In Test Cell 1, in-situ conditions were simulated
by subjecting the sample to a confining pressure matching
the underground stresses of the original location of the soil
core. The core used in Test Cell 1 for the measurements
reported here was extracted using an auger drill from the
36.4—36.6 m depth of a well drilled for a field installation at
Treatment Facility Fat LLNL. In this area, the water table lies
at 29 m, and the stresses on the core can thus be estimated
to lie in the 0.21—0.42 MPa range. Therefore, all Test Cell 1
measurements were acquired with confining pressure of 30
psi (0.21 MPa). However, subsequent studies of the effect of
varying confining pressure (5—30 psi) on flow rates showed
it to be negligible, beyond the requirement that water not
flow in the annular region between the core and the Teflon
sleeve.

Test Cell 1 (Figure 1a) consists of a pressure vessel holding
a 8.9 cm diameter x 15.2 cm long soil core (Figure 1b) with
a porosity measured via pycnometry of ~30% (pore volume
283 mL). The core diameter was defined by the drill and was
cut to the cell length. The core was jacketed using a heat gun
with a heat-shrink Teflon sleeve (TexLoc FEP roll cover) to
seal against the confining pressure and to avoid short-
circuiting of the water flow at the circumference of the sample.
Two perforated gold plated copper electrodes (anode and
cathode) were placed on each end of the sample, and gold
wire hoops were placed around the core, approximately 5
cm from each electrode, for use as voltage probes (Figure
1c). These wires were jacketed in Teflon sleeves to allow
feedthrough and accurate voltage measurements of the zone
in electrical contact with the hoops only. The gold-plated
diffusion plates were used to transfer the applied longitudinal
load to the sample as well as serving as electrodes. They were
separated from the soil by a microporous membrane (Pall-
RAI Electropore E40201ultrahigh MW polyethylene, 100 um
thick, 2 um pores). All electrical contacts were made with
gold wire.

A constant DC voltage of 45.72 V (3 V/cm gradient) was
supplied to the gold-plated endplates, adjacent to the ends
of the core, during electro-osmotic processing. Current
densities were in the 1.5—2.5 mA/cm? range, decreasing
during treatment. No reagents were added for pH control,
and pH of both the anode and cathode reservoirs did not
drift significantly from neutral. Both hydraulic and electro-
osmotic conductivity measurements were performed alter-
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FIGURE 1. a. Test Cell 1. The core is contained within the central pressure vessel, and water flow is measured as the level rises in the
right-hand (cathode) standpipe. b. Core assembly for Test Cell 1. The core is jacketed in Teflon shrink-wrap, with gold-plated copper
perforated electrodes at both ends, and two gold hoop voltage probes to provide information about the voltage drop along the core. c.
Test Cell 1 core with white Delrin water reservoirs attached (steel confining pressure vessel not shown).

nately, of which 11 days of electro-osmotic processing were
carried out (195 mL transported electro-osmotically).

Test Cell 2. A simpler cell was then built to allow rapid
assembly/disassembly, to minimize corrosion, and to allow
visual access to the core (Figure 2). The core was 6.35 cm
diameter (due to a different drilling rig) and 7.62 cm long
and was also jacketed in a Teflon sleeve, attached to endpieces
containing the microporous membrane/voltage probe as-
sembly and compressed with throughbolts (not shown) and
a strong-back to avoid short-circuiting of water flow in
hydraulic conductivity mode. Working electrodes in Cell 2
were Ebonex conductive titanium oxide ceramic disks
(Electrosynthesis Inc.), 5.08 cm diameter, suspended in Lucite
electrode reservoirs 5 cm from the core on either side. The
water in each electrode reservoir was constantly mixed via
peristaltic pump with a volume of 4.2 L contained in an
external reservoir. This idea of mixing with an external
reservoir has been described by others, as well (10, 14, 15,
18). Pall RAI microporous membranes separated titanium
mesh (Exmet) voltage probes placed at either end from the
core, and titanium wires were used for all electrical con-
nections.

The core was extracted from the 28.5—29.0 m zone of
Treatment Facility D at LLNL. Its soil composition was nearly
identical to that used in Cell 1. For this core, one pore volume
was estimated at 72 mL. It was hydraulically saturated with
water for several pore volumes. Electro-osmotic pumping
was initiated with a power supply at a constant voltage of 50
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FIGURE 2. Test Cell 2. The core is jacketed in Teflon shrink-wrap,
with titanium mesh voltage probes at either end. Water flow is
measured as the level rises in the cathode standpipe. The Ebonex
working electrodes were suspended in the water reservoir 5 cm
from the core.

V for the duration of experiments, current density ranged
from 3.5 to 8.9 mA/cm?, increasing during processing. This



TABLE 2. Characteristics of Soil Core Used in Test Cell 1
before Experiment

parameter value
porosity ~30%
sand 68%
silt 11%
clay 21%
carbonate 1.34%
K 126 ppm
Mg 473 ppm
Ca 1759 ppm
Na 118 ppm

cation exchange capacity
total organic carbon

1.35 mequiv/100 g
1.9 ppm

current density is higher than that for the Cell 1 experiments
due to the shorter length of the core used in Cell 2 and possibly
the more thorough hydraulic saturation of the Cell 2 core.
A 3 V/cm gradient was used for Cell 1, while a 6.57 V/cm
gradientwas used with Cell 2. The anode reservoir was “over-
controlled” to pH > 8, and the cathode reservoir was over-
controlled to pH < 6 in a closed recirculation system, using
KOH and HCI. These pH values were not constant and varied
at the anode from pH 8 to 11 and at the cathode from 3 to
6. Electro-osmotic flow continued for a total of 31 days,
including overnight during the week. This corresponds to a
total of 1518 mL of water transported (21.1 pore volumes).

Analytical Methods. Water samples for chlorinated
hydrocarbon analyses were collected in 3 mL vials, filling
completely to avoid headspace, chilled on ice, and analyzed
within 12 h using a modified EPA Method 601 (29).
Measurements of soil properties, typical for the cores used
in both Test Cell 1 and Test Cell 2, were carried out by A&L
Western Labs, Modesto, CA. For Test Cell 2, post-treatment
anolyte and catholyte chemical analyses were performed by
BC Labs, Bakersfield, CA.

Results and Discussion

The cores chosen for work in the benchtop cell were selected
due to their high clay content, representative of the finer-
grained Flayers in the screened zone of the wells drilled for
electro-osmotic remediation field installations (3). Typical
soil characteristics for the cores used in these experiments
are shown in Table 2. The hydraulic conductivity measured
for these cores is indicative of the type of sediments we are
interested in targeting for cleanup with electro-osmotic
pumping but would not necessarily be typical of a measure-
ment between wells in a field installation. The soil cores
used in test cell experiments are small, isolated from natural
hydraulic gradients, and represent the finer-grained zones
of a natural heterogeneous fabric.

The two experiments reported herein represent the
extremes of treatment methodologies, and each taken
separately would lead to dramatically different conclusions
about the usefulness and applicability of electro-osmotic
pumping as a remediation technology. The Test Cell 1
experiment shows some of the limitations of this technology,
while the Test Cell 2 experiment demonstrates that when
implemented correctly, electro-osmotic pumping may be
used as a long-term pump-and-treat technology for con-
taminants requiring extraction of many pore volumes for
their effective removal.

Test Cell 1. Electrodes Adjacent to Core, No pH Control.
In Test Cell 1, the voltage imposed between the anode and
cathode (at either end of the 15.2 cm long soil core) was
controlled in constant voltage mode. The measured current
was linear with voltage. Further detail about the voltage drop
along the core was provided by two supplemental gold hoop
voltage probes at 5 and 10 cm along the core, and the voltage
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FIGURE 3. The electro-osmotic flow in Test Cell 1 using a 3 V/cm
voltage gradient.
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FIGURE 4. The electro-osmotic and hydraulic conductivities of the
Test Cell 1 core both decreased during processing. Electro-osmotic
conductivity declined by ~2x, while the decline in hydraulic
conductivity was slight, ~1.2x less. The volume transported electro-
osmotically, 195 mL, is 0.7 pore volumes.

drop between the hoops was also linear with current. We
measured a soil electrical conductivity of 0.090 S/m on day
1, decreasing to 0.071 S/m at the end of processing on day
11.

Electro-osmotic conductivity (ke;) measurements were
performed under controlled conditions in the benchtop cell.
Five measurements taken during electro-osmotic processing
are presented in Figure 3. A 3 V/cm applied voltage resulted
in a geo = 0.082 mL/min on day 3, decreasing to 0.038 mL/
min on day 11. The electro-osmotic conductivity for the 8.9
cm diameter core calculated from these measurements
declined from ke, = 7.4 x 1071° to 3.4 x 1071° m?/s—V after
11 days of processing (Figure 4).

Hydraulic conductivity was measured for the core in Test
Cell 1 using a pressure differential imposed by a pressurized
water reservoir on the inlet side and a standpipe open to
atmospheric pressure at the outlet side. Initial flow rate using
a pressure gradient of 10 psi (0.069 MPa) was 0.0085 mL/
min. This corresponds to a hydraulic conductivity for this
core of ky, = 5.0 x 1071° m/s, and repeated measurements
of the hydraulic conductivity did not indicate significant
changes during treatment, the final k, measured being 4.1
x 1071° m/s (Figure 4). Sediments with hydraulic conduc-
tivities in this range may be considered essentially imperme-
able to mechanical pumping, especially when interleaving
sandy layers (k, > 107® m/s) are present.

In summary, for Test Cell 1, in which electrodes were
next to the core, and no efforts to control pH were carried
out, we measured declines in the electrical, hydraulic, and
electro-osmotic conductivity of a clayey core in a benchtop
test cell during electro-osmotic processing in conjunction
with precipitation within the core. No significant changes in
pH were measured in the reservoirs, since the H* and OH~
fronts were drawn into the core electrokinetically, toward
the cathode and anode, respectively. Metals, including

VOL. 37, NO. 13, 2003 / ENVIRONMENTAL SCIENCE & TECHNOLOGY = 3027



E‘,ﬁ ‘M discolored region

carbonate precipitate 5

black ring W
5 d BN | \

S L

(b) 14
12 -

10 Black Precipitation u
8_
& — ]
4_
2 —

pH

o T T T T T T T
o 2 4 & 8 10 12 14

Distance From Anode (cm)

FIGURE 5. a. Test Cell 1 core at the end of electro-osmotic
processing. Discoloring is seen in a zone close to the cathode
(right end), with a distinct black ring at the furthest left portion of
the discolored area. The black metals deposition and white
carbonate precipitate occurred at the outer perimeter of the core.
b. Distribution of pH along the length of the Test Cell 1 core. The
anode is at the left end of the core and the cathode at the right end.
The pH rises sharply at the precipitation zone.

corrosion products from the gold-plated copper anode, as
well as metals naturally present in the soil, such as calcium,
were solubilized in the acid front propagating from the anode
and formed a black precipitate upon meeting the OH~ front
propagating from the cathode, the principal component being
copper oxide (Figure 5). In addition, where the base
penetrated the core, carbonates precipitated. This precipita-
tion zone developed closer to the cathode end, due to the
lower mobility of OH~ (self-diffusion coefficient Do =52.8 x
10729 m?/s) relative to H* (Do = 93.1 x 107 m?/s) (11). The
cause of loss of electro-osmotic conductivity is likely a
combination of the acidification of the anode end of the core
and consequent loss of cation exchange capacity as well as
lowered local permeability in the area of mineral precipita-
tion. These results led us to develop Test Cell 2 in which the
electrodes were suspended in the water reservoirs to facilitate
pH control and prevent the acid/base fronts from penetrating
into the soil.

Test Cell 2. Electrodes Suspended in pH-Controlled
Reservoir. In Test Cell 2, the voltage imposed between the
anode and cathode (electrodes in the reservoirs) was also
controlled in constant voltage mode. The current measured
in the system varied linearly as a function of the voltage
applied to the electrodes varied between 0O and 50 V. Likewise,
the current had a linear dependence on the voltage drop
measured with the titanium voltage probes at either end of
the core. The voltage drop in the system was measured at
the start of the experiment to be linear, and the voltage drop
along the core, measured with two supplemental titanium
mesh voltage probes pressed against the microporous
membrane at either end of the core, was also linear with
current. The electrical conductivity of the core at start of
experiments was 0.255 S/m. This is considerably more
electrically conductive than the core studied in Test Cell 1,
probably because this core had been thoroughly saturated
hydraulically prior to the electro-osmosis experiment. Figure
6 shows the voltage drop across the core rose from ~15 to
~30V during the run (voltage gradient ~2 V/cm to ~4 V/cm,
respectively), and the current rose from ~18 mA to ~40 mA.
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FIGURE 6. Test Cell 2 experiment. Top: The voltage drop across
the core rose from ~15 to ~30 V during the run (voltage gradient
~2 Vlcm to ~4 V/cm, respectively), and the current rose from ~18
mA to ~40 mA. Bottom: The electro-osmotic conductivity (Keo)
improved early in the experiment. Once reaching ke, = 1 x 107°
m?s—V, at ~6 pore volumes, the electro-osmotic conductivity
remained stable for the duration of the experiment.

The hydraulic conductivity measured during the satura-
tion of the core with groundwater was 4.2 x 1071 m/s, at an
8 psi (0.055 MPa) hydraulic gradient. At the end of experi-
mentation, the hydraulic conductivity of the core was
measured with a pressure gradient of 10 psi (0.069 MPa) to
be 3.8 x 107 m/s (flow rate of 0.4 mL/h). This dense clay
was very similar to the core used in Test Cell 1 and would
be essentially impermeable to hydraulic pumping for field
work where clayey zones are not isolated but lie above or
below more permeable zones.

The electro-osmotic conductivity (keo) improved early in
the experiment, probably due to the increased electrical
conductivity of the pore water and reservoir water as acid
and base neutralizing reagents were added. Once reaching
Keo =1 x 107°m?/s—V, at ~6 pore volumes (at about 400 mL)
the electro-osmotic conductivity remained stable for the
duration of experiments (Figure 6). This corresponds to an
effective hydraulic velocity (or flux) of 4 x 10" m/s at 4
V/cm, 3 orders of magnitude greater than the hydraulic
velocity (measured at a hydraulic gradient of 0.069 MPa)
with no electro-osmosis.

The results of this experiment are markedly different from
those of Test Cell 1. No pH gradient formed within the core,
and measurements taken upon disassembly showed neutral
pH throughout the core. No precipitation occurred within
the core, and not only did the electro-osmotic conductivity
not decline with treatment time but it improved. These re-
sults are very strong evidence for the importance of pH
control. The use of noncorroding electrodes also minimized
the transport of metal cations into the core, and the hydraulic
presaturation of the core may have helped increase its
electrical conductivity. It is important to note that the
presence of high levels of carbonates in the soil and water
used in these experiments also help buffer acidification at
the anode. Also, the closed reservoirs at the anode and
cathode provide conditions of increasing ionic conductivity
with treatment time. Results would no doubt be quite
different for conditions in which the catholyte and anolyte
are continuously exchanged out for low conductivity water
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FIGURE 7. CHCI; concentration was stable at ~800 ppb in the influent
anode reservoir (open symbols) and showed transport into the
effluent cathode reservoir (closed symbols) via electro-osmotic
transport. The calculated CHCI; level (solid line) is based on dilution
of volume transported into the cathode reservoir, where the effluent
reservoir was held at 4400100 mL for the duration of the experiment.

(such as a soil zone below the water table), resulting over
time in deionization via electromigration of the treatment
zone. Thus, the presentresults are more applicable to shallow
treatment zones than to the deeply buried zones from which
the cores were extracted.

Aconcernregarding mineral precipitation on the cathode
surface led us to carry out experiments (not shown here) in
which periodic voltage reversal results in dissolution of
carbonates, “cleaning” the cathode. However, for the experi-
ments shown here in Test Cell 2, no voltage reversal was ever
done, and at the end of the experiment the cathode was
completely coated with calcium carbonate. The resistivity of
this film was apparently more than offset by the increased
conductivity of the catholyte over time, as measured by the
voltage drop between the cathode and the titanium mesh
voltage probe at the cathode end of the core, which declined
steadily during treatment.

The measurement of production of chloroform (CHCls)
in the anode reservoir and its transport via electro-osmosis
to the cathode reservoir demonstrates the utility of this
technology for removal of dissolved nonpolar organics. This
observation is in line with a previous report of tests at Point
Magu of halomethane production at the anode (30). This
deserves consideration, as a new pollutant is being formed
by the treatment process. It is very important to note,
however, that the use of a different acid in the catholyte than
HCI mightsignificantly alleviate the formation of chlorinated
byproducts. In any case, in soils with naturally high chloride
content, the formation of Cl, at the anode and subsequent
byproducts is unavoidable, as shown in the Point Magu
studies where citric acid was used at the cathode (30). In
addition to CHCI;, we detected bromodichloromethane,
bromoform, chloromethane, and dibromochloromethane in
the catholyte at the end of experimentation, but at much
lower levels, 1—50 ppb. The concentration of dissolved CHCl3
studied was low, however, compared to contaminated sites,
and it remains to be seen how electro-osmosis might work
for mobilization of dense nonaqueous phase liquids present
in clayey zones.

The CHCI; concentration measured during the course of
electro-osmotic treatment in the influent and effluent (Figure
7) was found to be approximately constant in the influent
(anode) compartment, at ~800 ppb, rising in the effluent
compartment from 12 to 343 ppb over the duration of
experiments. This is an effective demonstration of the
advection of a weakly polar volatile chlorinated solvent
through a soil core via electro-osmosis. If hydraulic gradient-
induced flow were responsible for the transport it would
have required approximately 1098 days (assuming a maxi-

TABLE 3. Characteristics of Anolyte and Catholyte from Test
Cell 2, after Experiment

parameter value (anolyte) value (catholyte)
total Ca 20 mg/L 320 mg/L
total Mg 15 mg/L 100 mg/L
total Na 26 mg/L 240 mg/L
total K 1100 mg/L 3200 mg/L
total Al 7 mg/L 11 mg/LI
NO3~ 35 mg/L 9.9 mg/L
pH 8.6 34
electrical conductivity 3590 umhos/cm 14600 umhos/cm
(25°C)
total dissolved solids 2460 mg/L 10200 mg/L

mum gradient between standpipes of 100 cm) to transport
the ~1500 mL through the core. A simple calculation of
progressive transport of the anode water (800 ppb in CHCI3)
into the cathode (0 ppb in CHCI; until the first pore volume
has been transported) following

Vt
[CHClleq = [CHCIgliy * (5)
res

where [CHCI;]est and [CHCIg]in are the effluent and influent
chloroform concentrations, Vy is the volume transported from
the influent into the effluent, and Vi is the fixed (4400 + 100
mL) volume in the effluent electrode reservoir, external
reservoir, standpipe, and tubing assembly. The data roughly
match the calculation. No significant loss of CHCIl; was
observed due to volatilization, adsorption within the soil
matrix, or degradation. The lack of adsorption is likely due
to the low organic content in this relatively deeply buried
zone, shown in Table 2, TOC of 1.9 ppm.

We had considered that we might observe degradation of
CHCI; in the vicinity of the cathode. Electrochemical
degradation of chlorinated hydrocarbons has reportedly been
facilitated by conductive oxides naturally present in soil (29)
or with reactive iron filings zones (6, 31) for catalysis. The
possibilities for combining electro-osmotic transport with
reductive chlorination open up some very efficient removal
and treatment strategies, taking advantage of the hydrogen
“byproduct” and coupling it to an efficient catalyst, such as
platinum (32).

The water from the anode reservoir (anolyte) and the
cathode reservoir (catholyte) were analyzed for ionic con-
centrations upon termination of the experiment with Test
Cell 2 (Table 3). The anolyte pH of 8.6 and the catholyte pH
of 3.4 are typical of the over-controlled pH regime used
throughout treatment. Calcium, magnesium, sodium, and
potassium concentrations are about an order of magnitude
greater in the catholyte than in the anolyte. Significantly
higher cationic concentrations in the catholyte results from
metals removal from the soil core. The one anion measured,
nitrate, was at ~3 times higher concentration in the anolyte,
aswould be expected based on its expected electromigration.

We have shown that electro-osmotic transport can be
used to facilitate water flow and dissolved chlorinated
solvents, if present, in natural sediments. Control of pH is
required for long-term operation in a system such as our
benchtop test cells, in which electro-osmosis was studied in
the absence of hydraulic gradients and three-dimensional
mixing. Significant issues involved with field installations,
including the difficulty of controlling and extracting mobilized
contaminants in the presence of background hydraulic flow,
may present further challenges to field implementation of
electro-osmotic pumping.

The original aspects of this work include the following:
(1) measurement of hydraulic as well as electro-osmotic flow
rates and conductivities of real soil cores, (2) clear demon-

VOL. 37, NO. 13, 2003 / ENVIRONMENTAL SCIENCE & TECHNOLOGY = 3029



stration of the poor outcome of lack of pH control and a
corroding anode, (3) demonstration of very long-term flow
(>21 pore volumes) with the use of Ebonex electrodes and
over-controlled pH in electrode reservoirs, (4) measurement
of a steady-state production of chloroform in the anode
reservoir and its lossless transport to the cathode, with
implications for removal of organics from contaminated
sediments.

We measured typical electro-osmotic flow velocities of
~4 x 107" m/s for a core with hydraulic conductivity of ~4
x 107 m/s. The cost of electricity to move water via electro-
osmosis is small (0.5—2 kWh/L, ~5—20¢/L), rather, the
greatest costs arise from the capital investmentin equipment,
siting, and maintenance. Electro-osmotic flushing could
provide the basis for a pump-and-treat technology for fine-
grained zones, and its application to the LLNL site has already
shown promise for adaptation to removal of chlorinated
solvents under the constraints of complex subsurface geology

A).
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