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Subsurface Volatilization and Ventilation
e f0r VOC COntamination s

Timothy J. Mayotte « Brown & Root Environmental e Holt, Mi

chiorinated solvents in the subsurface environment fre-

quently occurs from inadvertent discharges or unfawful
release, and can pose a serious threat to human health and
the environment. Due to strict environmental regulations,
many industries are faced with significant financial and, poten-
tially, eriminal penalties associated with releases of these
chemicals. In recent years, responsible industries have inten-
sified efforts to remediate subsurface contamination problems.
However, the excessive cost and lack of timely success of tra-
ditional remedial options have diminished many industries will-
ingness to proactively engage in necessary cleanup efforts, as
the expense of doing so may be prohibitive to the sustained
economic health of the industry. A new technology that
addresses each aspect of subsurface contamination by
volatile organic compounds (VOCs) has been developed that
serves to minimize the duration and cost of remedial efforts.

The Subsurface Volatilization and Ventilation System™
(SVVS) promotes in situ destruction of contamination by
biodegradation, and air circulation to enhance volatilization
and vapor capture to reduce VOC mass present in the
subsurface as bulk product, aqueous phase and sorbed
contamination, and vapors. Because all phases of vocC
contamination are addressed simulianeously, the remediation
process is greatly accelerated. In addition, because syysm
is simplistic in design and construction, remediation costs are
typically well below those associated with more traditional
treatment options.

Petroleumn hydrocarbons (fuels) and halogenated aliphatics
(solvents, degreasing agents, and cleaning solutions) collec-
tively make up a group of chemicals often referred to as
VOCs. Many VOCs are known to be toxic to human health
and environmental biota. As a result, their presence in the
environment is of major concern to state environmental pro-
tection officials and the U.S. Environmental Protection Agency
(EPA). Stringent state and federal regulations and standards
attempt to control the release of VOCs into the environment,
and reduce or eliminate risks posed to public health and envi-
ronmental receptors by VOC contamination after a release
has been discovered. As a consequence, parties responsible
for releases of VOCs often undertake rigorous remediation
efforts to clean up affected subsurface media. Many of these
efforts have failed, however, at great cost to responsible par-
ties, because the technologies implemented have not ade-
quately addressed all manifestations of the praoblem.

T he presence of petroleum hydrocarbons, distiflates, and

Releases of VOCs into the subsurface environment fre-
quently result in the contamination of unsaturated and satu-
rated soils, and groundwater. Typically, liquid product




comprised of VOCs will migrate through the near-surface and
subsurface soils under the influence of gravity. Some of the
liquid is retained in the soil matrix along the path of migration,
as the volume of the liquid along the margins of and behind
the traveling liquid mass dissipates to a point at which capil-
lary forces hinder further movement. If the volume released is
sufficiently large, the bulk of the liquid mass will continue trav-
eling downward. Along the way, the liquid will encounter
lenses or zones within the soil that are less permeable than
the surrounding matrix, such as clay and silt within sand, or
soils of locally higher moisture content. As a result, the liquid
will spread out and/or build up over these regions until enough
hydraulic pressure has accumulated to drive the liquid into and
through, or around the less permeable material. Such encoun-
ters serve to dissipate the bulk liquid volume further, thereby
promoting the retention of fractions of the product in the soil.
The remaining liquid will continue migrating to the underlying
water table.

If the migrating product consists of petroleum hydrocarbons,
the liquid will spread out, accumulate and essentially float on
the water table, Conversely, if the product contains halogenated
aliphatics, that are characterized by liquid densities greater than
that of water, it will eventually build up and overcome the resis-
tance posed by the water, penetrate the saturated soils, and
migrate further downward under the influence of gravity.

As in the overlying unsaturated soils, the migration of this
dense non-aqueous phase liquid (DNAPL) will proceed, often
encountering local impedances resulting from permeability dif-
ferentials in the saturated soils. Eventually, the volume of the
DNAPL will either dissipate to such an extent that all the liquid
is retained in the soil matrix under the condition of residual
saturation, or will encounter a physical impedance of sufficient
size and reduced permeability that the liquid simply spreads
over and accumulates on its surface. In the latter case, if the
impeding material has an inclined surface, the DNAPL will
travel down slope until its volume is sufficiently dispersed or its
movement is hindered by an abstruction.

Product retained in the unsaturated zone under residual sat-
uration, or from accumulation over less permeable materials
or the water table, will, like product in the saturated zone, be in
direct contact with clean water passing over its surface. Frac-
tions of VOCs from the product will dissolve into this water as
the VOC molecules diffuse from the concentrated liquid (bulk
product) to the less concentrated liquid (water) in an attempt
to achieve a state of equilibrium. Consequently, the water
passing over and migrating beyond the product accumulation
will be contaminated with VOCs. The flowing contaminated
water will continue along its path of travel through the region
impacted by the release, encountering more bulk product
along the way, thereby increasing in concentration. After flow-
ing beyond the point of release, this groundwater will trave!
through and contaminate previously unaffected regions of the
aquifer. The contaminated water will also come in contact with
soil during its migration.

Many VOCs have a natural affinity for organic matter that
often coats or is accumulated between soil grains, as well as
for specific minerals components within the soil deposit. As a
result, a portion of the VOC mass dissolved in infiltrating water
and groundwater will partition onto the solid material for which
it has an affinity. Therefore, it is possible to not only have
product accumulations in the unsaturated and saturated soils,
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and contaminated percolation water and groundwater, but
also VOC mass sorbed to the soil matrix both above and
below the water table. As water possessing decreased con-
centrations of VOCs eventually passes by the contamination
sorbed to the solid surfaces, it becomes increasingly contami-
nated, as the sorbed VOCs partition back into the water in an
attempt to maintain a state of chemical equilibrium.

In addition, because VOCs are valatile at the temperatures
and pressures typical of subsurface environments, vapors will
emanate from product accumulations, and, if of sufficient con-
centration, contaminated subterranean waters and soil in con-
tact with the uncontaminated soil atmosphere. Typically, the
VOC vapors, being of a greater density than the natural soil
vapor, will then spread over the surface of the water table near
the point of origin, and may enhance the proliferation of VOC
contamination in groundwater and soil moisture as gaseous
contaminants often redissolve in uncontaminated regions of
the water table, again, in an attempt to maintain a state of
equilibrium, Figure 1 illustrates how a spill or leak of VOC lig-
uid may affect the subsurface.
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Figure 1

As has been described, four phases of contamination often
result from a VOC release: residual bulk product, contaminated
soil moisture and groundwater, soil-affixed contamination, and
VOC vapors. Each phase interacts with the other phases to dis-
tribute the VOC mass in equal proportions (dynamic equilib-
rium). In terms of VOC remediation, dynamic equilibrium is an
important concept because it reveals how effecting a reduction
in concentration in one phase necessitates a shift in VOC mass
transfer from the more contaminated phases towards the less
contaminated phase. Because the shift does not occur instanta-
neously, but over extended periods of time, a significant reduc-
tion in VOC levels in one phase may appear as a permanent
elimination of the undesirable VOC mass in that phase. How-
ever, given sufficient time, and provided the remedy causing the
reduction did not target one or more of the other phases, the
levels will rise again as VOC mass partitions into the “clean”
phase from the remaining “dirty” phases. Each phase of conta-
mination must therefore be addressed simultaneously.
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An illustration of how the process of “dynamic equilibrium”
has proven remedial efforts originally deemed successful to be
incomplete is the discovery that many groundwater “pump-and-
treat” actions undertaken to clean VOC-contaminated ground-
water have failed in that attempt, and at excessive cost.
Originally, it was believed that pump-and-treat would be suc-
cessful by capturing all contaminated groundwater. In reality,
what often occurred was that the water movement in the satu-
rated zone was accelerated to a point where the rate of VOC
mass transfer into the groundwater from product and sorbed
soil contamination was far exceeded. As a result, VOC levels in
the withdrawn water apparently dropped to favorable levels and
remedial efforts were deemed complete. However, monitoring
data for such sites often revealed a steady increase in VOC lev-
els in groundwater, as, over time, VOC mass was transferred to
the saturated zone from the phases not directly targeted by the
pump-and-treat remedy.

Concern over Common Treatment Options

Popular ex situ treatment methods for extracted groundwater
include granular activated carbon (GAC) and air stripping.
These methods, although proven for effectively removing large
quantities of VOCs from water, simply transfer the contamina-
tion from one medium to another. GAC requires frequent regen-
eration or disposal, and as a result, can be an expensive
treatment option in comparison to less operations-intensive
methaods. Air stripping normally requires off-gas polishing with

vapor-phase carbon or by catalytic oxidation to ensure emis-
sions do not exceed air quality standards. In addition, imple-
mentation of air stripping for VOC treatment commonly requires
intensive air monitoring programs. For these reasons, air strip-
ping can also become an expensive treatment alternative.

Common alternatives that use multiple technologies to attack
residual product and sorbed contamination on unsaturated sail
often involve excavation of the affected media in bulk for addi-
tional treatment processing or disposal. To responsible parties,
the disposal option is becoming less attractive as it simply rep-
resents a transferral of the problem from one locale to another,
and does little in the way of reducing liabilities. Treatment of
excavated soils is frequently no better than disposal because
the typical treatment processes, such as incineration and sail
washing, are expensive and merely transfer the contamination
from one medium to another.

In recent years, regulators have recognized the inherent
lack of effectiveness of remedial alternatives that focus only
on certain phases of VOC contamination, and have searched
for new technologies that are integrated in approach, thereby
addressing all phases of the contamination problem. Addition-
ally, treatment methodologies that promote in situ destruction
of VOCs without production of toxic byproducts are preferred.

Qver the past few years, in situ bioremediation and soil vapor
extraction (SVE) have become attractive alternatives for the
remediation of VOC contamination in the subsurface. Both alter-
natives can be relatively inexpensive when compared to more
traditional treatment options. In situ bioremediation promotes
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contaminant destruction in place; SVE enhances the transfer of
VOC mass from the bulk liquid, aqueous, and solid phases to
the vapor phase, and is effective for capturing and withdrawing
the contaminated vapors for treatment above ground.

In Situ Bioremediation

Petroleum hydrocarbons are natural substrates, or sources of
food, for many microorganisms that are indigenous to the sub-
surface. These microbes typically respire oxygen to complete the
necessary biochemical reactions that convert the substrate to
cell material and energy for metabolic processes. The byprod-
ucts of these reactions are typically harmless and normally
include carbon dioxide and water. Some aerabes are also capa-
ble of metabolizing certain synthetic halogenated aliphatics pos-
sessing two or less halogens (e.g., chlorine, bromine) in their
molecular structure. In addition, other aliphatic compounds con-
taining more than two halogens may be fortuitously transformed
to harmless end products following, or during, the process of
metabolizing natural substrates. This process is often termed co-
metabolism, and is not believed to result in beneficial microbial
growth or energy production. It is currently accepted that sub-
surface microorganisms are capable of metabolizing degradable
VOCs in the product and dissolved phases, and, to a certain
extent, the vapor phase. Degradation of contamination sorbed
to soils usually results upon desorption into the adjacent water
and soil moisture being “cleansed" by the pertinent microbes.

In general, when a preponderance of food is supplied to sub-
surface organisms, such as through a release of VOC liquid to
the subsurface, microbe populations not toxically inhibited by the
presence of high concentrations of the substrate will, in essence,
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degrade the VOC until the oxygen in the soil atmosphere is
depleted. At this point, the rate of subsequent degradation is a
function of the rate of atmospheric circulation of oxygen in the
soll. If oxygen were added to the subsurface at a greater rate,
the indigenous microbes can become “stimulated” to metabolize
more of the degradable VOC mass over a shorter period of time.

Soil Vapor Extraction

SVE has been proven successful for transferring VOC mass
from the bulk liquid, dissolved, and sorbed phases to the
vapor phase, as clean air is continuously drawn over the sur-
face of these phases. In concept, SVE works much like an air
stripping tower, with the soil matrix serving as the packing
material which increases the surface area of air/VOC phase
contact. The fact that uncontaminated air is circulated means
that the partial pressure of the VOCs in the air stream is mini-
mized, thereby providing a driving force for mass transfer as
the VOC molecules partition from the aforementioned phases
into the air in an attempt to maintain chemical equilibrium.
Although the vapors withdrawn by extraction wells must be
treated before release to the atmosphere, the implementation
of SVE in concert with other technologies, such as pump-and-
treat, can greatly accelerate remediation progress.

The SYWS™ Technology e

The patented SVVS process is an integrated technology used
for attacking all phases of VOC contamination, effecting a com-
prehensive and expedient remediation effort. SVVS emphasizes

the aspects of in situ bioremediation and induced volatilization
to reduce VOC concentration present in bulk liquid, dissolved,

The AP-4-BL
AutoPump.




sorbed, and vapor phases. The technology was developed by
Billings and Associates of Albuquerque, New Mexico and is mar-
keted and implemented by Brown & Root Environmental.

General Theory

As noted above, SVVS is an integrated technology used for
the remediation of soil and groundwater contaminated with
volatile and semi-volatile organic compounds. A typical SVVS
system consists of a series of air injection and vacuum extrac-
tion wells designed to circulate air in the subsurface. The cir-
culation of air serves fo increase the concentration of
dissolved oxygen in the groundwater, and the soil moisture
within the capillary fringe and unsaturated zone. It also pro-
vides a delivery system for nutrient addition, if necessary. The
pertinent indigenous microbes that use organic contaminants
as a food source make use of the available dissolved oxygen
and nutrients to mediate oxidation reactions that will result in
the in situ transformation and destruction of the contaminans.
Because oxygen is available in constant supply due to the
injection of air, biodegradation rates are accelerated.

As an added benefit, the air percolating upward through the
saturated and unsaturated zones from the air injection wells
dynamically contacts the volatile and semi-volatile organic
compounds; thereby enhancing the transfer of contamination
from the liquid phase to the gas phase (e.q., stripping). The
vapor-phase contaminants are then withdrawn from the sub-
surface by the network of vacuum extraction wells which are
used primarily for vapor control, but alse contribute somewhat
to the bioremediation and stripping processes. Depending on
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regulatory requirements, the extracted air may be treated
abovegrouid or released directly to the atmosphere.

In the early stages of SVVS implementation, the overall rate
of mass transfer of contamination to the vapor phase, may
exceed biodegradation rates. It is during this period, which lasts
anywhere from two weeks to a few months, that extracted vapors

v Integrated Remediation
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v Low Profile Air Stripping
v Granular activated carbon systems
v Automatic backwashing sediment
filtration systems
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may need to be treated above ground before release to the
atmosphere. However, the magnitude of treatment will decrease
steadily over this period until biodegradation rates surpass the
net rate of transfer of contaminant mass into the circulating air.
When this point is reached, the vapor extraction off-gas will con-
sist predominantly of carbon dioxide, which is the major gaseous
byproduct resulting from the biodegradation process. The extent
of ex situ treatment is reduced significantly over that required by
conventional SVE systems. To reduce these costs further and
promote additional VOC destruction, the SYVS design uses pro-
prietary biofilters for treatment of the extracted vapors.
Schematics diagrams of the general SVVS components and
conceplual layout are provided on Figures 2 and 3.

Design

In the SVVS design, coordinated air injection and vacuum
exiraction wells form reactor lines. Reactor lines are linked
together to form an SVVS unit. Typically, a single reactor line
is comprised of no more than six injection and extraction wells,
and is operated by a single valve used to control air input and
vacuum rates. However, some units include valve control at
each well head. Through these arrangements, remediation
stress can be precisely managed during remediation. If a por-
tion of the site is responding slowly, more remediation stress
is applied through valve adjustment. Conversely, less stress
may be directed to portions of the site that are remediating at
a faster rate or have been cleaned up to regulatory standards.

Considerable knowledge and experience is required to
properly operate an SVVS system and meet treatment objec-

90’S SAMPLING TECHNOLOGY
Big jobs call for portable equipment with the power you
need to get the job done! The AMS PORTA-REEL
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tives in a cost-effective and timely manner. In general, SVVS
operation is directed towards enhancing subsurface condi-
tions, through air flow adjustment and/or nutrient addition, to
optimize the viability and activity of the indigenous microbial
strains that are most effective for degrading VOCs. Often, this
is a site-specific endeavor, and is a dynamic process requiring
close observation and revision.

When treatment of the extracted vapors is required, the
patent-pending Biological Emissions Control™ (BECT™) Units
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are employed. Vapor-phase hydrocarbon concentrations are
reduced by BEC units as the result of pulling the recovered
vapors through water into which the contaminants are trans-
ferred and then biodegraded as this water contacts microbes
attached to packing material within the reactor vessel. Appro-
priately designed BEC unit configurations can typically be
used to accomplish up to 50 percent removal of VOC mass in
influent air streams. If lower VOC concentrations in emissions
are required, the units can be easily expanded and operated
in either series or parallel configurations to achieve as much
as an 85 percent reduction in VOC mass. The exhaust from
the BEC units may also be polished by vapor phase activated
carbon, or catalytic oxidation to achieve near 100 percent
VOC removal, if required. However, due to the decrease in
VOC loading afforded by the initial treatment of the air in the
BEC reactors, the regeneration and/or operations costs for
polishing are reduced,

To enhance bioremediation in areas of the site where
indigenous microbe populations are less prolific, the patent-
pending BioTrans™ technique may be employed. This entails
collecting soil and/or groundwater samples from biologically
active portions of a site and isolating the dominant strains of
the indigenous, hydrocarbon-degrading microbes in the labo-
ratory. The microbes are then cultivated until a sufficient
population has been produced. The less biclogically active
portions of the site are then inoculated with the laboratory-
cultivated indigenous microbes. While the populations of
these microbes are grown ex situ, they remain acclimated to
site conditions.
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System Flexibility and Cost

The design of SVVS allows for flexibility both in terms of
system expansion and operation. Because of the simplicity of
system construction and the reserve capacity of air injection
and vapor extraction capabilities built into a typical design, the
cost of system expansion is normally no greater than 10 per-
cent to 20 percent of a project’s total budget. Typical SVVS
systems are installed and operated at costs ranging between
$150,000 and $500,000. In addition, SVVS systems are oper-
ated in a dynamic fashion to provide the most favorable in situ
conditions for the destruction of VOCs by the pertinent indige-
nous microbes. The system not anly allows for the delivery
and circulation of air, and therefore oxygen, but also certain
nutrients necessary to optimize microbe viability. Because of
the complexities of conditions necessary to enhance the activ-
ity of many microbes favorable for VOC destruction, the sys-
tem operation requires extensive knowledge and experience.
Effectiveness

SVVS has been employed at over 30 sites consisting of petro-
leumn hydrocarbon releases over the past five years. The soil and
groundwater, including bulk product accumulations at several of
these sites have been cleaned to applicable regulatory standards
within this and shorter periods of time. A short list of recent suc-
cessful applications is provided in Table 1. SVVS has also been
implemented to attack halogenated aliphatic compounds in the
subsurface. Presently, the EPA Office of Research and Devel-
opment is evaluating the efficiency of SVVS for treating chlori-
nated compounds in soil, sludge, and groundwater at an audio
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Isleta Site? Alluvial sands,

silts, clays 6.5-16 Leaded Gasoline 2 BTEX: 4-25 BTEX: 0.25 -8

Conservancy Site® | Silty sand, inter- 59% average
fering clay layer 8.5 Gasoline 5 Benzene: 3- 6 benzene reduction
Buddy Beene Site” Clay 10-15 Gasoline 2 Bulk product 8.5% reduction/month
Los Chavez Site® Clay 4-6 Gasoline 9 Bulk product 40% benzene, xylene reduction
60% toluene reduction
30% ethylbenzene reduction

Arenal Site® MR 10- 12 Gasoline 10 Benzene: > 30 Benzene. < &
BTEX = Benzena, toluene, ethylbenzene, and xylene ppm -= parts per million
' Cleanup times indicate the time interval between the (nitial and final groundwater concentrations reported. Total site remediation time by be longer Table 1

* Nested injection and extraction walls,
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manufacturing facility in southwest Michigan under the Super-
fund Innovative Technology Evaluation (SITE) program. The
SITE demonstration is expected to be complete in 1994,

Although SVVS is not a cure-all, as it may not be an econom-
ically beneficial alternative for remediation of materials of very low
permeability, it is an attractive option for effecting rapid cleanup
in most subsurface conditions at a significantly reduced cost com-
pared to traditional remediation methods. In addition, SVVS pre-
sents a way for industry to minimize liabilities through emphasis
on contaminant destruction rather than transferral of VOC mass
to another medium. These facts emphasize that, at a minimum,
consideration should be given to SVVS when assessing the tech-
nical and economic feasibility of various remedial alternatives for
addressing VOC contamination in the subsurface.,
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¢ |deal Monitoring Device to Indicate
Migrating Plumes
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Isleta Site? Alluvial sands,

silts, clays 6.5-16 Leaded Gasoline 2 BTEX: 4-25 BTEX: 0.25 -8

Conservancy Site® | Silty sand, inter- 59% average
fering clay layer 6.5 Gasoline 5 Benzene: 3- 6 benzene reduction
Buddy Beene Site” Clay 10-15 Gasoline 2 Bulk product 8.5% reduction/month
Los Chavez Site® Clay 4-6 Gasoline 9 Bulk product 40% benzene, xylene reduction
60% toluene reduction
30% ethylbenzene reduction

Arenal Site® MR 10- 12 Gasoline 10 Benzene: > 30 Benzene. < &
BTEX = Benzena, toluene, ethylbenzene, and xylene ppm -= parts per million
' Cleanup times indicate the time interval between the Initial and final groundwater concentrations reported. Total site remediation time by be longer Table 1

* Nested injection and extraction walls,
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manufacturing facility in southwest Michigan under the Super-
fund Innovative Technology Evaluation (SITE) program. The
SITE demonstration is expected to be complete in 1994,

Although SVVS is not a cure-all, as it may not be an econom-
ically beneficial alternative for remediation of materials of very low
permeability, it is an attractive option for effecting rapid cleanup
in most subsurface conditions at a significantly reduced cost com-
pared to traditional remediation methods. In addition, SVVS pre-
sents a way for industry to minimize liabilities through emphasis
on contaminant destruction rather than transferral of VOC mass
to another medium. These facts emphasize that, at a minimum,
consideration should be given to SVVS when assessing the tech-
nical and economic feasibility of various remedial alternatives for
addressing VOC contamination in the subsurface.

BIOREMEDIATION
02/CO2 Respirometer

U

Measures O, and CO, consumption/production in 1 to
80 measuring chambers using a single set of sensors
(periodically measures headspace gas concentrations).
Temperature of samples can vary during experiment.
Allows removal of sample substance from inside of
the chambers during experiment,

Superior sensitivity 0.2ul/h Important for low level
biological activity.

Measuring chambers can be user's own, 50ml to 10 L.
Real time graphics, fully computerized.

Measures both liquids or solids.

Programmable air refresh, 24 hour operation.

COLUMBUS INSTRUMENTS INTERNATIONAL
P.O. Box 44049 COLUMBUS, OHIO 43204 USA
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A PRODUCT REGOVERY SYSTEM
FOR LESS THAN $9007...
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Introducing PetroTrap”—a unique
passive skimmer system which
incorporates the use of an active buoy
assembly. This buoy assembly removes
free product to a sheen. The skimming
action of our system is equally effective
with water table fluctuations as great as
24 inches.

° No Power Source Required
¢ Installation Takes Only Minutes
* Effective with Petroleum Fuels

¢ ldeal Monitoring Device to Indicate
Migrating Plumes




