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Abstract

This communication presents on-going research that is studying the use of acoustic
excitation to improve the recovery of contaminants in in-situ soil washing for low-
permeability soils. Two series of experiments were conducted to explore the feasibility and
suggest mechanisms of acoustically e.nhanccd contaminant recovery from porous media.
Based on modeling projections the acoustic treatment can improve overall contaminant
removal by 7%, and the primary mechanism of removal is the suspension of the fines in a
soil that tend to strongly adsorb contaminants.
Inwroduction

Contaminated low-permeability soils are difficult to recover contaminants from
because the contaminants strongly sorb to the soils, and because preferential pathways can
develop so that soil washing fluids cannot come into contact with all the contaminant.
Typically low permeability soils contain large fractions of clay or silt. They are often used
(after engineering modifications) as liner material for lagoons and landfills. However,
when they become contaminated the properties that make them impermeable to water
(surface charge and high specific surface), also make them excellent sorbents for the
contaminants. After sorbing the compounds, the soils can serve as long term sources of

water contamination.
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Low permeability inclusions in productive aquifers are also comprised of clay and
silt, and behave in a similar fashion when exposed to contamination - thus when a
groundwater contamination source is removed, the groundwater equilibrium is altered, and
the low permeability inclusions that initially adsorbed the contaminants, then serve as a
long term source of contamination.

Current practice is to recover all pumpable contaminants. then use bioremediation,
soil washing, or excavation to address the residual (sorbed) contamination. Most
successful in-situ washing programs are limited to high permeability soils. yet it is the low
permeability inclusions that serve as sources of long term contamination. Thus techniques
that specifically address low-permeability soils are of great interest.

Evangelista and Zownir (1989) presented data that indicate that the majority of lead
contaminants in typical soils are sorbed to fines that pass through a #200 sieve (75 pm or
smaller) and concluded that the majority of the heavy metals they studied (lead. zinc,
nickel, cadmium, and copper) are contained in the fines. Farrah and Pickering (1978)

demonstrated in earlier work that clays have a remendous binding energy for heavy metals

. and make desorbtion of these contaminants difficult.

Stausfer et al. (1989) reported similar findings for organic contaminants. They
found through principal component analysis that the sorbtion of organic compounds is
most strongly correlated with the organic fraction and the silt clay fraction of the porous
medium: remarkably at about the same degree of importance. What their work implies is
that the finer grained portions of an aquifer contribute greatly to the sorbtion of organic
compounds regardless of the organic fraction of the aquifer. Clearly, any in-situ method
which could remove these finer particles would contribute greaty to the efficiency of any
contaminant recovery scheme by simultaneously removing contaminants attached to the

solid phase. and reducing the residual contaminant source.



This research is studying the use of acoustic excitation to improve the recovery of
contaminants in in-situ soil washing for low-permeability soils. The idea behind acoustic
excitation is to either stimulate desorbtion of contaminants themselves or to stimulate the
suspension of the fines in a soil that tend to strongly adsorb contaminants and then use
hydrodynamic gradients (pumping) to recover the contaminants. The remaining soil left
behind is thereby less contaminated.

Literature Review

Ultrasonic vibration has been used to separate soil particles and to disperse clays for
chemical and physical analysis (Edwards and Bremner, 1967). It is also used to extract
humic acids for soils analysis, and to cause cell lysis for biochemical analysis (Ramunni
and Palmeri. 1985).

Sonic excitation to enhance and produce chemical reactions is weil documented in
the sonochemistry literature. Sonic irradiation is thought to enhance reactions by increasing
interparticle collisions that fracture particles and increasing reactive surface area. In liquid
systems sonic irradiation causes cavitation within the liquid releasing tremendous amounts
of energy (Suslick et al., 1989).

Related phenomenon include the acoustic-electric coupling due to compressional
waves predicted by Biot (1956). Martner and Sparks (1959) later presented evidence that
compressional waves (Biot slow waves) induce relative fluid-solid motion which in turn
generates an electro-magnetic wave with the same time variation as the compressional
wave. These results were followed by generally unsuccessful attempts to replace
geophones with antennas (Broding et al.. 1963). The phenomenon is thought tb be due to
the induction of a streaming potential with the same time variation as the acoustic wave and
is being pursued by geophysicists as a prospecting tool to locate gas/water interfaces and to

identify the nature and pore content of sedimentary rock.

In 1988 the Superfund Innovative Technology Evaluation (SITE) program funded
research into electro-acoustic decontamination of soil (Muralidhara, et al., 1990). The
contaminants they studies were the inorganic compounds zinc and cadmium and the organic
compound decane. The research encountered anaiytical difficulties with the decane at
results were inconclusive for this compound. However, for the inorganic compounds the
researchers concluded that electro-acoustic soil decontamination is technically feasible for
inorganic contaminants.

They also concluded that there appears to be an apparent synergistic effect due to
the acoustic field, but the magnitude of the effect was not quantified. The report states that
the mechanism that augments dewatering when using the combined electro-acoustic
drainage is not well understood, but they hypothesized several mechanisms - including the
streaming potential explanation of the geophysicists.

The U.S. EPA risk reduction laboratory in Cincinnati conducted research into using
sonic vibrations for permeability amendment as an enhanced recovery technique to increase
the yield of a recovery well (Murdoch, et al.,, 1988). They reported a four-fold
permeability increase in one laboratory study.

Researchers at Kansas State University and New Jersey Institute of Technology are
currently studying vibratory phase separation of immiscible contaminants. and ultrasonic
vibration as a way to enhance the flow of water in clayey sands (Lakshmi. 1992; Lakshmi.
et al., 1993). The major complications are difficulties with analytical and experimental
equipment, lack of suitable exciters to generate high amplitude sonic waves. and internal
reflections from the experimental media.

From these works and the geophysical and rock mechanics literature there appears
to be some useful connection between acoustic irradiation and the possible mobilization of

contaminants.



The remainder of this communication describes two series of experiments
conducted to explore the feasibility and suggest mechanisms of acoustically enhanced
contaminant recovery from porous media.

Laboratory Experiments

Our experiments were conducted in a 1 meter long, 0.25 meter diameter column
schematically depicted in figure 1. The column was filled with a mixture of sand, shale
aggregate, and Beaumont clay collected from the University of Houston Coastal Center in
LaMarque, Texas. An ultrasonic cell disintegrator was modified to fit into the column and
be placed near the media screens shown in figure 1. This configuration was used to mimic
proposed placements in the field.

Flow in the column was maintained by small marine bilge pumps, and we
monitored total suspended solids (TSS) in the outflow because our literature search
suggested that sorbing contaminants will be carried by the fine particles and TSS will be
proportional to the amount of fines in the effluent.

The first experiment studied the effect of ultrasonic vibration in a column where
flow and acoustic gradient were in the same direction. Figure 2 compares the TSS in the
effluent of the column before and then during treatment. The figure clearly indicates that
acoustic excitation increases the elusion of suspended solids, however when the exciter is
turned off the solids removal returns to the pre-treatment level rapidly. We noticed that
after excitation head loss through the column increased dramatically.

We compared the permeabilities before and after excitation and found that the
permeabilities were reduced by the acoustic excitation by about 25%. We attribute the
decreased permeability pardally to auto-filtration of the solids (a filter cake builds up very
rapidly after excitation) and partially to compaction produced by the mechanical agitation.
We made no attempt to quantify the relative magnitude of these permeability damage

mechanisms.

We repeated the experiment, but reversed the hydraulic gradient to explore what
effect having the acoustic gradient and hydraulic gradients in opposite directions might
have. This second experiment indicated that when the gradient is reversed solids removal
can be sustained.

The results of these experiments led us to the following conclusions - acoustic
excitation can increase solids removal and when the acoustic and hydraulic gradient are in
opposite direction the removal can be sustained. These experiments suggested that for our
field experiment to be useful we should place any acoustic exciters in a pumping well to
enhance solids removal.

Our third experiment was designed to mimic our proposed field experiment, which
will be a modified radial injection-exwraction test - similar to a dispersion test used in
subsurface hydrodynamic characterization.

In the same size column as before we prepared a medium of coarse sand and coastal
center clay. We contaminated the soil in place by pumping dye into the column untit
breakthrough and maintained this pumping for two days. Then we allowed the column to
sit so that some quasi-equilibrium could occur. We then reversed the gradient so that the
pumping side of the column now became the effluent side. Figure 3 schematically depicts
the contamination portion of the experiment.

We monitored the effluent for total suspended solids and dye concentration. We
tried several extraction techniques to quantify the amount of dye removed in the liquid
phase and on the solid phase with little success - finally we resorted to ultra-centrifuge to
separate the liquids and solids and a quasi-equilibrium isotherm to estimate the amount of
dye on the solids.

The adsorbtion of the dye is not instantaneous, but appears to reach a quasi-
equilibrium after 24 hours.  Figure 4 shows a 24-hour isotherm for the porous medium.

The isotherm is non-linear and suggests that two different adsorbtion regimes exist,



however all our samples fell in the lower left hand corner of the isotherm and we assumed
linear behavior for our analysis.

The column was operated without excitation for 48 hours until we felt it had
reached its asymptotic performance where removal of solids and dye was relatively
constant. Then ultrasonic excitation at 200 watts was applied on a schedule of 10 minutes
on, 50 minutes off for 8 to 10 hours a day. No excitation or monitoring occured overnight.

Figure 5 shows the total suspended solids in the column effluent during the
experiment. As shown on the figure, after 20 hours the suspended solids in the effluent
was on the order of 5 mg/l and relatively constant. When excitation is applied suspended
solids increases dramatically then reduces to about 20 mg/l. When the exciter is turned off.
the concentration drops back to the pre-treatment level in a couple of minutes.

Figure 6 shows the measured dye concentrations in the effluent liquid that was
centrifuged to separate the liquid and solid phases. Liquid phase concentration was initially
high then decreased rapidly, at 20 hours it increased then declined. The figure shows that
acoustic excitation has little net effect on the liquid phase concentration and the fluctuations
decrease with ime as the medium is swept of dye.

Figure 7 shows the solid phase concentration estimated from the isotherm shown
on figure 4. The solid phase concentration decreases rapidly initially but increases with
excitation. Figure 8 shows the combined contaminant concentration expressed as mg/ of
dye. The figure compares the experiment to the projected no-excitation case based on
liquid phase concentrations and suspended solids removed before excitation was started.
This figure indicates that the treatment has a measurable improvement over the projected
asymptotic performance estimated by modeling. The difference in areas between the two
curves, which represents the increased mass removed due to excitation. is 7%.

When the excitation is applied contaminant removal is primarily with the solid phase
(as expected). Head loss across the column increased slightly during the pre-treatment

portion of the experiment and decreased dramatically afterwards. The permeability was

. e et -

increased by excitation almost 100%, and is attributed to the removal of additional fines
suspended by the acoustic excitation.
Conclusions

This communication presented on-going research that is studying the use of
acoustic excitation to improve the recovery of contaminants in in-situ soil washing for low-
permeability soils. Results from a laboratory experiment are presented supporting the
following conclusions: high power ultrasonic excitation can increase solids removal and it
can be sustained when the acoustic and hydraulic gradient are in opposite direction:
excitation has little effect on liquid phase concentration (at least in our ability to resolve
minor changes in concentrations); contaminant removal is facilitated by the solids removal
because contaminants are sorbed onto the solids: and based on modeling the acoustic
treatment can improve overall contaminant removal by 7%.

The idea holds some promise to either stimulate desorbtion of contaminants
themselves or to stimulate the suspension of the fines in a soil that tend to strongly adsorb
contaminants and then use hydrodynamic gradients (pumping) to recover the contaminants.
The remaining soil left behind is thereby less contarninated.

Future work includes a field experiment conceptually similar to the laboratory
experiments to verify that the method can be scaled up. The vibrations will be induced by a
high-trequency pin vibrator similar in design to a concrete densification vibrator, but
operating at higher energies and vibrational frequencies. The same tracer compounds will
be used in a permitted injection/extraction experiment.
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Schematic Diagram of Laboratory Experiment Apparatus

Effluent TSS; Acoustic and Hydraulic Gradients in Same Direction.

Schematic Diagram of Labpratory Column Contamination Scenario.

Adsorbtion Isotherm for Rhodamine 6G onto Coastal Center Clay/Sand Mixture.
Effluent TSS: Acoustic and Hydraulic Gradient in Opposite Direction.

Effluent Dye Concentration in Water Phase.

Effluent Dye Concentration on Solid Phase.

Total Effluent Concentrations.



Table 1. 24 hour - adsorbtion data for Rhodamine 6G onto coastal center soil :

Initial Liquid Concentration

(mg/L)

Equilibrium Liquid
Concentration (mg/L)

0.000
0.000
0.000
0.000
0.001
0.003
0.006
0.020
0.053
0.103
0.153
0.229
0.406
0.580
1.138
5.800
55.536

(20%:80%-beaumont clay:sand)

Equilibrium Solid Phase
Concentration (mg-dye/g-
soil)

0.040

0.100

0.200

0.300

0.600

1.000

2.000

4.900

11.998

19.996

24.994

29.991

39.984

49.977

69.954

79.768

97.779
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