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.1 INTRODUCTION

Ajr sparging is an in situ fechnique to remediate sites that have been contaminated with
petroleum products and chlorinated solvents as a result of accidental spillage and leaking
underground storage tanks. This technique was developed in the mid-1980s in Germany for
the treatment of saturated soils and groundwater contaminated with volatile organic com-
pounds (VOCs). This chapter provides an overview of the air sparging technology, including
(1) air sparging technology, including applicability and advantages and disadvantages; (2}
fundamental processes involved during air sparging process; (3) air sparging system design,
operation, and monitoring; (4) mathematical models to describe air sparging process; (5)
performance of air sparging systems in the field; (6) use of air sparging with certain modi-
fications and/or complementing technologies; and (7) other issues, such as cost and regu-
latory issues.

4.2 TECHNOLOGY DESCRIPTION

1.2.1 How It Works

In a typical field system, as depicted in Fig. 14.1, compressed air is delivered to a manifold
system, which in turn delivers the air to an array of air injection wells. The wells inject the
air into the subsurface below the lowest known point of contamination. Due to buoyancy,
the air will begin to rise toward the surface and, through a variety of mechanisms, will either
remove or assist in degradation of the contamination. As the contaminant-laden air rises
towards the surface, it will eventually reach the vadose zone. At this point, either the con-
taminated air may be collected with a soil vapor extraction (SVE) system or, if vadose zone
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conditions permit, the native subsurface microbial population may degrade the vapors into
non-toxic products.

14.2.2 Applicability

Geology/Hydrogeology. Prior o the implementation of an air sparging system, a detailed
geologic and hydrogeologic characterization of the contaminated site must be performed.
Because the patterns of air flow resulting from air injection are controlled by the permeability
of a soil, the stratigraphy of the soil profile must be assessed. The permeability of soil within
each layer must be assessed to ensure that effective air flow will result; soil permeability
should be at least 1073 cm/s for adequate air flow to occur (Bausmith et al., 1996; Loden,
1992). Because air flow may be impacted by the presence of adjacent layers of differing
permeability (Ji et al.,, 1993}, the thickness and properties of each layer need to be deter-
tmined. Additionaily, lenses or inclusions of soil with different properties than the sutrounding
soil may impact air flow and overall remedial performance and must be delineated.

The hydrogeologic conditions of the site are also an important consideration. When ap-
plying air sparging, the depth to the water table should be at least 1.5 m (Bausmith et al,,
1996), but the most successtul applications are made when the depth to the water table is
at least 10 ft (Miller, 1996). I depth to groundwater is less than 10 ft, the surface may be
capped to prevent uncontrolled vapor migration through the surface (Miller, 1996). The
properties of the aquifer material need to be assessed to determine groundwater circulation
and other transport phenomena that may occur during air injection, including hydraulic con-
ductivity and groundwater gradients that may induce groundwater fiow. Additionally, the
groundwater flow velocity and direction must be assessed to ensure that the air sparging
system is designed to prevent down gradient contaminant migration away from the treatment
zone (Reddy and Adams, 2000).

Contaminants. Air sparging is applicable to a class of contaminants known as volatile
organic compounds (VOCs). Common VOCs that are the target of air sparging include
petrolenm products, including gasoline and its BTEX (benzene, toluene, ethylbenzene, and
the xylenes) constituents, and chlorinated solvents, including trichloroethylene (TCE) and
tetrachloroethylene (PCE). A compound is capable of being remediated through air sparging
if it is deemed strippable; that is, if it has a Henry’s constant greater than 10”° atm-m’/mol
and vapor pressure greater than 1 mm Hg (Bausmith et al., 1996). Bass and Brown (1997)
have reported that, after a review of case studies, it appears that air sparging is more suc-
cessful at chiorinated solvent sites than at petroleum sites.

Once contamination is released into the soil, it may exist in a variety of phases. It can
exist as a nonaqueous or free (pure) phase liquid, dissolved in the groundwater, in vapor
phase within' the soil gas, bound to the organic matter of the soil, trapped within the mineral
phase of the soil matrix, or within the microbial phase (Yang et al., 1995; Davis, 1997).
Before it comes into contact with the water table, it will travel or reside in the vadose zone
in the form of a nonaqueous phase liquid (NAPL). NAPLs fall into two categories: light
(LNAPLs) and dense (DNAPLs). The distinction is simple: LNAPLs are less dense than
water while DNAPLs are more dense than water. LNAPLs will spread laterally on top of
the water table, while DNAPLs will continue migrating downward through the groundwater
(Panday et al.,.1994). During their migration through the vadose zone, NAPLs may become
trapped in soil pores in the form of blobs. This transport and deposition will continue until
all the NAPL becomes trapped or a low-permeability stratum is reached, preventing further
migration (Powers et al., 1991). Once into the groundwater, LNAPL will be transported by
water table fluctuation and ambient groundwater flow, while DNAPL will migrate to the
bottom of the aquifer, where it is able to mound and spread by the resulting gradients (Panday
et al., 1994; Hunt et al, 1988a). Air sparging is shown to be applicable to remove both
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LNAPLs and DNAPLs existing as nonaqueous or dissolved phase (Adams and Reddy, 1999,

- 2000).

Advantages and Disadvantages. There are many advantages of using air sparging, includ-
ing:

1. As an in situ process, it can be implemented with minimal disturbance to site operations.

2. Tt has been proven to be efficient—generally treatment time is less than one to three years
under optimal conditions.

3. It is simple—readily available equipment can be used and installation is easy.

4. Tt is cost-effective—treatment cost ranges from $20-50/ton of saturated soil, which is
significantly less than other treatment technologies.

5. No removal, treatment, storage or discharge of groundwater is required.
- It isflexible enough to address contaminants in nonaqueouns and dissolved phase,

7. It can be complemented with other technologies, such as soil vapor extraction and bio-
remediation to increase remedial efficiency.

=)

Although the advantages of air sparging are numerous, the following disadvantages must
be kept in mind;

1. The spreading of the contaminants to the clean areas or zones due to excessive pressur-
ization or the presence of low-permeable formations or covers above the contaminated
areas

2. The uncontrolled migration of harmful vapor to undesirable receptors (e.g., residential
basements, subways, utility tunnels)

3. Lack of rational design accounting for the fundamental contaminant removal processes

4. Difficulty in using conventional monitoring technologies due to transient effects of
sparged air on pressures and water levels at monitoring locations

14.3 FUNDAMENTAL PROCESSES/PHENOMENA

When injected into the subsurface, air will enter into pores with lower capillary pressure
(larger pore sizes) and produce a fingering pattern of preferential pathways due to low vis-
cosity air invading the higher viscosity groundwater (Ahlfeld et al., 1994a). The mode of air
migration and the zone of influence are the primary concems during air sparging. Air sparg-
ing owes its effectiveness to a variety of mechanisms that occur during this subsurface air
movement. The mechanisms can be classified into three categories: mass transfer mecha-
nisms, mass transformation mechanisms, and mass transport mechanisms.

Mass transfer mechanisms include volatilization, dissolution, and adsorption/desorption.
Biodegradation is the mass transformation that occurs during air sparging. The threc mass
transport mechanisms consist of advection, dispersion, and diffusion. Air sparging is a dy-
namic process; during different stages of a remedial program, different mechanisms will
control remedial rates and efficiency. The contributions of each of the mechanisms will also
vary from site to site and will ultimately determine the effectiveness of an air sparging
remedial program.

The migration of air in the subsurface as well as the different mass transfer, mass trans-
formation, and mass transport mechanisms responsible for the contaminant removal during
air sparging are described in this section.
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14.3.1 Air Migration

14.3.2 Mass

Air sparging is most effective in coarser soils because better air saturation and density will
result (Baker and Benson, 1996), Unfortunately, permeability cannot be too high or else the
injected air will move upwards to the surface without spreading laterally and thus wil) impact
only a small volume of soil. Additionally, the mode of air travel within the subsurface is
determined by soil permeability. In coarse soils such ag gravels, the air will migrate in bubble

transfer and removal is to occur. In less permeable soils, such as sands and silts, the air will
migrate through a channel network formed during injection. The extent of the channel net-
work is dependent on the permeability and the air flow being used; coarser sands and higher
flow rate will lead to the development of higher channel densities,

A soil must be not only permeable but also relatively homogenous for proper air flow to
occur. The air injected into the subsurface will seek the path of least resistance as it migrates
away from the well. If a soil is too heterogeneous, large regions of less permeabie soil will
be left devoid of any air contact (Baker and Benson, 1996).

To help investigate the effect of soil permeability and heterogeneity on subsurface air
flow, Ji et al. (1993) performed a series of laboratory tests. Using a two-dimensional Plexigias
tank and different sizes of glass beads to represent a saturated soil matrix, they were able
to simulate a variety of subsurface conditions. When 4-mm diameter glass beads were used
(representing a gravel), the injected air was seen to travel in bubble form with very little
lateral spreading from the injection well. The use of 0.75-mm diameter beads yielded air
flow in the form of channels, and a higher density of channels was observed with increased
air flow. When 2-mm diameter glass beads were used, a transition pattern was observed,
When lenses, layers, and other heterogeneous structures in the soil matrix were included, it
was observed that air flow was very sensitive to such inclusions and would follow paths of
lesser resistance, leaving regions in the vicinity of such inclusions untouched by the injected
air. Similar conclusions were drawn based on the laboratory testing of different types of soils
and sediments by Semer et al. (1996, 1998), Reddy and Adams (1999),. and Peterson et al,
(1999).

Transfer Mechanisms

Volatilization.  Volatilization has been shown to be the dominant removal mechanism oc-
curring during the use of air sparging (Unger et al., 1995; Johnson, 1998). It is defined as
the partitioning of a contaminant from the aqueous or nonaqueous phase into the vapor phase.
During air sparging, the injected air provides both a medium and a transport network to
allow for such partitioning to occur. Additionally, the injected air disturbs the equilibrium
that exists between the liquid and vapor phases. When the vapor phase js pulled away from
its liquid source, the resulting nonequilibriur will force additional partitioning into the vapor
phase. Generally speaking, the higher the vapor pressure of a contaminant, the easier it is
to remove through volatilization. For a given contaminant, however, volatilization is two
orders of magnitude lower in soil than when the contaminant resides in a liquid (Davis,
1997).
Henry’s Law, For a given contaminant, the vapor phase and liquid phase fractions under
equilibrium conditions are determined by Henry’s law, which can be written as follows:
P =C,.H a4

‘water <

where P, = partial pressure of the gas (atm)
Clater = aqueous-phase molar concentration of VOC (mol/m?)
H_. = Henry’s law constant (atm-m?® /mol)
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The units of Henry’s law may be altered; a dimensioness Henry’s law constant may be used
to relate aqueous-phase concentration (mg/L) to vapor-phase concentration {mg/L). Unfor-
tunately, due to the difficulties of determining the solubility and vapor pressure of a variety
of compounds, the Henry’s coefficient has proven to be difficult to measure, with reported
values often differing by two orders of magnitude or more (Davis, 1997).

For a given compound, a higher Henry’s coefficient will indicate that more of the com-
pound will exist in the vapor phase at equilibrium. Similarly, higher Henry’s coefficients for
a given contaminant result in more of the contaminant being accepted by rising air (Semer
and Reddy, 1997). For a given compound, the Henry’s law constant will increase with in-
creasing temperature. Even though subsurface temperatures remain nearly constant year
round in a majority of cases, methods such as steam injection or scil heating may offer
advantages. Increasing temperatures, however, may be of little significance because most
volatilization takes place during the early stages of air sparging (Sellers and Schreiber, 1992;
Unger et al., 1995) and temperature increases may not help to remove contamination at later
stages,

In order for Henry's law to be valid in determining the rate of volatilization for a given
contaminant, a condition of equilibrium must exist. For this to occur, there must be an
adequate amount of residence time for air within the groundwater. Unfortunately, short res-
idence times, discrete channels, high velocities, and the lengths of travel paths prevent equi-
librium from occurring within the subsurface {Ahifeld et al., 1994b; Selters and Schreiber,
1992). Therefore, Henry’s law does not give a good approximation for volatilization rates,
and models based on Henry’s law may not provide good system approximations (Sellers and
Schreiber, 1992).

Raoult’s Law. When subsurface NAPL-phase contamination exists, it is rarely in the
form of a single compound. Distilled petroleum products, for instance, contain a great num-
ber of constituent compounds with widely ranging properties. In order to help determine the
composition of vapor from a multicompound NAPL-phase contaminant, Raoult’s law is used,
which may be written as follows:

P, =V,X (14.2)

where P, = partial pressure of compound i in the gas phase

V,: = vapor pressure of pure compound i

X, = mole fraction of compound i in the liquid mixture

It

During volatilization, the compounds with higher volatility and higher solubility will be
removed first, leaving behind compounds with lower volatility and solubility (Hayden et al.,
1994). Because less volatile and soluble compounds remain, a tailing effect will be observed
in removal as more effort is required to remove less volatile contaminants.

Volatilization is the dominant removal mechanism in the early stages of air sparging, but
its importance is diminished with increasing remedial time. When air injection begins, con-
taminant near a channel will be easily volatilized. If a high-density channel network exists
within the subsurface, this will account for a high percentage of removal and a rapid reduc-
tion in initial contaminant levels. Eventually, as the contaminant in the vicinity of channels
is removed, removal rates decrease as contamination js forced to diffuse towards a channel.
Thus, volatilization and overall removal rates drop when the concentration gradient drops at
the air—water interface (Ahlfeld et al., 1994a). :

As a demonstration, Braida and Ong (1997) performed a laboratory study of the spatial
effects of volatilization. Using a small apparatus and an Ottawa sand with Dy, of 0.2 mm,
removal rates of BTEX compounds at a variety of concentrations were analyzed. Flows
ranging from 460 to 2,200 m/day were used, During the first three hours of operation,
volatilization was much faster than diffusion, leading to a sharp concentration gradient at
the air-water interface. After three hours, however, volatilization rates dropped as diffusion
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became the controlling process. Contamninants with higher agueous diffusivity were found
to be removed easier,

Dissolution. Dissolution plays an important removal role during air sparging because it
assists in the volatilization and ultimate removal of the contaminant. While volatilization
controls the process during the early stages of an air sparging program, contaminant disso-
lution from the NAPL phase to the aqueous phase is a controlling factor in later phases
(Unger et al., 1995). Solubility limits vary greatly for different contaminants, but even in the
case of compounds with low solubility, maximum contaminant levels for drinking water are
often at least two orders of magnitude. lower than solubility Limits (Miller et al., 1990}). Yet
the solubility imit of a contaminant can often indicate whether a specific compound may
be removed in a timely fashion. Burchficld and Wilson (1993} used a model and reported
that an increase in the Henry's coefficient of a given contaminant did not greatly affect its
removal rate using air sparging, but an increase in the solubility of a contaminant greatly
increased its rate of removal.

When a contaminant enters into a soil, it will often become trapped as a blob within a
single-pore or multiple-pore spaces. Once these nonaqueous phase biobs are created, they
need to dissolve out of the immiscible phase into the aquecus phase, at which time they
may be transported in the aqueous phase and eventually volatilized (Marley, 1992). Until
this occurs, however, an immobile NAPL blob can act as a sink/source for organic solutes,
enhancing retardation and delaying removal (Brusseau, 1992). When considering trapped
NAPL blobs, Malone et al. (1993) reported that they may be placed into (wo catepories:
some will exist in a fast condition during which the NAPL readily exchanges mass with the
aqueous phase. This occurs when there is a high NAPL surface area-to-volume ratio. The
remaining NAPL will exist in a slow condition, during which there will be a slow, reversible
mass transfer between the two phases. This situation occurs when the NAPL blob features
a low surface area-to-volume ratio. It is obvious that surface area is an important factor
because it is across this interface that dissolution will take place.

Powers et al. (1991) presented a formula to determine the interfacial area across which
- mass transfer may occor. The specific interfacial area between the NAPL and aqueous phases
was found to be a function of soil porosity, NAPL saturation, the surface-to-volume ratio of
the NAPL blob, and the fraction of blob surface area exposed to mobile water, wrilten as
follows:

a,=nS, AIV) f (14.3)

where a, = specific area between the two phases

n = soil porosity
5, = degree of NAPL saturation
(A/V) = surface area to volume ratio for the blob

f = fraction of blob suiface arca exposed to mobile water

NAPL size has been shown to be an important parameter (Gomez-Lahoz et al., 1994). Hunt
et al. (1988a, b) found that the maximum NAPL blob length was a function of the surface
tension between the NAPL and the water, the permeability of the soil, the viscosity of water,
the Darcy velocity, and the throat radius of the pore. Tt was found that blob size and NAPL,
residual saturation could only be reduced by increasing the Darcy velocity or reducing the
surface tension between the two phases.

When multiple contaminants are present in the subsurface, there may be a synergistic
effect allowing for increased or decreased solubility compared to when the contaminants
exist alone. If gasoline contains methyl tertiary butyl ether {MTBE), solubility of the BTEX
contaminants is greatly increased. Additionally, Geller and Hunt (1993) presenied a disso-
lution relationship relating to multiple contaminants. The aqueous equilibrium concentration
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of a single compound was found to be a function of its mole fraction in the contaminant
mixture, As the more soluble compounds dissolve, the less soluble compounds remain, but
their mole fraction within the mixture is increased, forcing dissolution. This relationship does
not hold if a contaminant’s aqueous solubility is less than 0.001 mole fraction.

There is a growing body of evidence that dissolution is a nonequilibrium process. Voudrias
and Yeh (1994) reported that the concentrations of aqueous-phase toluene in flowing water
below floating NAPL-phase toluene pools were much lower than the solubility limit. Brus-
scau (1992), Szatkowski et al. (1993), and Hunt et al. (1988a, b) have reported that NAPL-
aqueous phase partitioning is a rate-limiting, nonequilibrium process. This is supported by
discrepancies between theoretical and field-measured solubilities. Some reasons that discrep-
ancies may occur include the rate-limited mass transfer between the NAPL and agqueous
phase, physical bypassing of the aqueous phase around contaminated low-permeability
regions, non-uniform flow due to soil heterogeneity, and synergistic effects between com-
pounds (Powers et al., 1991), It is suggested that nonequilibrium descriptions are needed for
high pore water velocities, hydrophobic solutes, high dispersivities, as well as small spills,
Iarge blobs, low residual saturations, and heterogeneous aquifers (Powers et al., 1991).

After air sparging has ended and the subsurface is allowed to reach equilibrium once
again, additional dissolution of residual contaminants may take place, serving to increase
groundwater concentrations. This effect is known as rebound. Rebound is largest in areas
that were subjected to low air flux during injection (Gomez-Lahoz et al,, 1994). Bass and
Brown (1997) reported the following equation for rebound:

lo G
g c,
o g—"
2 c,

where €, = dissolved concentration during postmonitoring
C, = initial dissolved concentration

0

C; = final dissolved concentration

Rebound = (144

I the rebound is less than 0.2, permanent reductions in contaminant concenirations have
been achieved, but a rebound value greater than 0.2 is regarded as substantial rebound (Bass
and Brown, 1997).

Adsorption/Desorption. When contaminants are released into the subsurface, they may
sorb onto the particles of the soil matrix. Adsorption may become substantial when organic
soil content or clay is present. Organic contaminants will be subject to increased adsorption
with increased organic content. Adsorption may be a reversible process; if driven, contam-
inants are able to desorb from the soil matrix and into the aqueous phase. If the ratio of
adsorption to desorption is less than unity, the soil has no retention capability and adsorption
indeed becomes a reversible process.

Adsorption can be a difficult process to predict accurately. Brusseau (1992) has reported
that equilibrium cannot be assumed for adsorption/desorption, and differences between pre-
dicted and actual rates may differ between one and three orders of magnitude. The differences
may be due to the effects of competitive sorption or to the enhancement caused by cosolutes
(Brusseau, 1992). Additionally, organics may bind to organic soil matter more tightly with
time (Davis, 1997).

In order to help predict adsorption, the octonol/water partition coefficient, K, is used.
It is defined as the ratio of the equilibrium concentrations of a dissolved solute in a system
of octonol and water, two immiscible soivents. The partition coefficient is helpful in pre-
dicting soil adsorption; a higher K, indicates a more hydrophobic compound that will adsorb
more readily to organic soil matter (Davis, 1997). This in turn has been used to estimate an



14.3.3 Mass

CLEANUP OF CHEMICAL SPILLS USING AIR SPARGING 14.9

adsorption coefficient by different formulas (Fetter, 1999). One such example is (Karickhoff
et al., 1979):

Kd =06 foc Kow (14-5)

where K, = adsorption coefficient
foc = oOrganic fraction in soil

For any sizable amount of adsorption to occur, the soil must contain at least 0.1% organic
matter (Davis, 1997). The amount of organic matter in deep soils is low, often less than
0.1% (Perlinger and Eisenreich, 1991). Clayey soils, however, may be prevalent in deep
subsurface. The amount of adsorption depends on the type of clay minerals present in the
soils. Adsorption to montmorillonite clay is higher than ilite clay, which in turn causes
higher adsorption than kaolinite clay (Semer and Reddy, 1997). Additionally, the amount of
adsorption is also dependent on the water content of the soil because the contaminant must
compete with water for adsorption sites (Semer and Reddy, 1997).

Different isotherms are used to represent adsorption under different conditions (Fetter,
1999). One that is commonly used to represent non-polar organic contaminant adsorption to
soil is the Freundlich isotherm (Semer and Reddy, 1997). The isotherm may be represented
as:

C,=KCV (14.6)

where C, = mass of contaminant adsorbed per mass of sorbent
K = sorption equilibrium constant
C, = solution concentration at equilibrivm after sorption
N = constant describing adsorption intensity

I

The higher the K and the N values, the greater the sorption capacity of the medium. The
equation may be lincarized by expressing if in logarithmic form, When this is done, ¥ is an
indicator of whether adsorption remains constant at different equilibrium concentrations (Se-
mer and Reddy, 1997). If N is equal to one, a linear relationship exists between equilibrium
concentrations and the amount of mass adsorbed; if N is less than one, adsorption decreases
with increased equilibrium concentration levels; and if N is greater than one, adsorption
increases with increased equilibrium concentration levels (Semer and Reddy, 1997).

Adsorption may also be modeled as a nonequilibrinm process using nonequilibrinm ki-
netic equations. In a kinetic model, the solute transport equation is linked to an appropriate
equation to describe the rate that the solute is sorbed onto the solid surface and desorbed
from the surface (Fetter, 1999). Depending on the nonequilibrium condition, the rate of
sorption may be modeled using an irreversible first-order kinetic sorption model, a reversible
linear kinetic sorption model, a reversible nonlinear kinetic sorption model, or a bilinear
adsorption model (Fetter, 1999},

In order for air sparging to be successful, desorption must occur if organic or clayey soils
are present at a given site. Although organic matter is usually confined to the upper layers
of a soil stratum, clay may be present at all depths. If desorption takes place at an acceptable
rate, air sparging will be successful at remediating contaminated saturated soils, If desorption
does not occur, saturated soils will remain contaminated and will act as a source to further
contaminate the surroanding groundwater.

Transfer Mechanism: Biodegradation

Biodegradation is different from the other removal mechanisms that act on subsurface con-
tamination during the air sparging process. While other mechanisms act to transfer the con-



14.10 CHAPTER FOURTEEN

taminant out of the subsurface, biodegradation acts to transform the contaminant into non-
toxic products. Biodegradation can often account for a substantial portion of the remedial
process by acting on the less volatile, more strongly adsorbed contaminants during the later
stages of remediation and when dissolved concentrations have decreased (Miller, 1996; John-
son, 1998). Biodegradation becomes a significant removal mechanism when dissolved con-
taminant concentrations are less than 1 mg/L (Johnson, 1998). Additionally, middle distillate
fuels, including diesel fuel and kerosene, are not easily volatilized and rely upon biodegra-
dation for treatment (Hoeppel et al., 1991). Biodegradation occurs when native microbial
communities within the subsurface interact with and metabolize organic contaminants. An
electron acceptor (oxidizing agent) receives electrons from the electron donor (Middieton et
al., 1995). The contaminant is mineralized into end products that are based both on the type
of contaminant and the oxidizing agent. Biodegradation rates may be monitored in a number
of ways, including the degree of consumption of electron.donors, the degree of consumption
of electron acceptors, and the production of metabolic byproducts (Chapelle et al., 1996).
The process may involve direct mineralization or the transformation of the contaminant into
intermediate compounds before mineralization is completed. Malone et al. (1993) reported
that benzene, toluene, and the xylenes are degraded into intermediate compounds before they
are mineralized into carbon dioxide and water.

Optimal subsurface conditions are necessary in order for biodegradation to occur suc-
cessfully. While suitable microbial populations or nutrient levels may be a limiting factor to
the rate of biodegradation (Widdowson and Aelion, 1991), the type of electron acceptor is
often the controlling factor, The most efficient electron acceptor for biodegradation is oxygen.
Aerobic biodegradation utilizes oxygen as an electron acceptor. Additionally, nutrients such
as phosphorus and nitrogen necessary for cell growth and reproduction must be present if
bioremediation is to be successfully implemented. During aerobic degradation of benzene,
the following reaction occurs (Chiang et al., 1989):;

CeHs + 2.5 0, + NH, — C;H,0,N (cells) + CO, + H,0

When sufficient oxygen is lacking and anoxic conditions exist within the subsurface,
biodegradation becomes less efficient. During anoxic conditions, other subsurface electron
acceptors are utilized. Following oxygen as the preferred subsurface electron acceptor, in
descending order of efficiency, possible electron acceptors include nitrate, ferric iron, sulfate,
and carbon dioxide (Middleton et al., 1995). Despite preferences in anoxic conditions, field
tests have shown that sulfate reduction is the primary electron accepting process (Chapelle
et al., 1996; Thierrin et al., 1995). By adding oxygen to the subsurface through air sparging
to create oxic conditions, more efficient, aerobic degradation is allowed to occur (Croceiti
et al., 1992),

In some cases, oxygen is needed in order for any sufficient biodegradation to occur. While |
toluene has been shown to degrade using a variety of electron acceptors, benzene will not |
degrade to any measurable extent without the presence of oxygen (Middleton et al., 1995; f
Thierrin et al., 1995). Chapelle et al. (1996) reported that in field tests, benzene degradation
rates were low under nitrate-amended conditions. Patterson et al. (1993) reported in another
field study that benzene persisted in anoxic conditions but was casily degraded under oxy-

- genated conditions. Thus, the presence of oxygen may be a rate-limiting factor for efficient
biodegradation (Crocetti et al., 1992).

In order for aerobic biodegradation to occur, there must be an adequate level of Oxygen
within the soil. Miller (1996) reported that 2 to 4% oxygen by volume is needed within the
subsurface for sustaining biodegradation to occur. Unfortunately, this level of subsurface
oxygen may be difficult to achieve. It is estimated that between 3 to 3.5 g of oxXygen are -
needed to completely mineralize hydrocarbons (Johnson et al., 1993). Oxygen can be sup-
plied to the subsurface through the infiltration of precipitation, but this oxygen is quickly
utiized (Chapelle et al., 1996). Groundwater may be a poor medium through which to
transport oxygen; Hoeppel et al. (1991) reported that 75,000 kg of groundwater are needed
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to break down 1 kg of hydrocarbons. Therefore, the delivery of oxygen to the subsurface
cannot be achieved by injecting saturated groundwater, but through the use of air sparging,
oxygen levels can be increased to increase the rate of biodegradation and ultimately improve
remedial efficiency. When injecting air into the subsurface, oxygen levels can reach 8 to 10
mg/L, while the injection of pute oxygen can increase levels to 40 mg/L (Johnson et al.,
1993). The injection of hydrogen peroxide can increase subsurface oxygen levels to 500 mg/
L (Johnson et al., 1993).

Field studies have indicated successful increases of biodegradation during the use of air
sparging. Covell and Thomas (1997) reported on the use of air sparging at an underground
coal gasification site. Groundwater was- used to help control air flow as well as deliver
nutrient (ammonium phosphate) to the subsurface. After six months, over 80% of the benzene
initially present at the site was removed. It was determined that volatilization was the primary
initial removal mechanism; while biodegradation served as an effective polishing siep.

Yaniga and Smith (1984) reported on the restoration of an aquifer that had been contam-
inated with gasoline-range hydrocarbons. The soils consisted of a heavy silt loam over frac-
tured shale. A number of methods were employed at the site, including excavation of the
upper soils and the inclusion of an infiltration gallery with air sparging and an air stripping
tower. Even though the sparger had to be frequently cleaned due to biological fouling, a 50—
85% reduction was achicved within 11 months. Because of clogging, the sparge point had
trouble delivering oxygen to the subsurface. Therefore, a solution of 100 mg/L hydrogen
peroxide was also injected. This served to increase oxygen delivery while reducing clogging
of biological material.

While BTEX compounds can be 1apidly degraded under aerobic conditions (Malone et
al., 1993: Patterson et al., 1993), aerobic biodegradation of chlerinated solvents is more
difficult, often requiring the presence of cosubstrates for degradation. They may, however,
be degraded under anaerobic conditions, especially by methanogenic bacteria. Lombard et
al. (1994) reported on the use of air sparging with the use of methane as the injected gas at
‘the Savannah River Site in Aiken, South Carolina. Approximately 3,500,000 ib. of trichlo-
roethylene and tetrachloroethylene were detected in the subsurface. A methane—air mixture
was injected in order to stimulate the native methantropic bacteria. Extraction was performed
at a rate 20% higher than injection to control site behavior as well as prevent an explosive
condition (greater than 5% methane).

T.onger exposure of contaminants to the subsurface can actually sometimes help to in-
crease the rate of biodegradation. Crocetti et al. (1992) reported that soils contaminated with
heating oil had heterotropic bacteria populations one to two orders of magnitude higher than
background soils, Patterson et al. (1993) found that during a field study, degradation rates
increased with time, especially in the case of toluene, possibly due to increased degradation
efficiency of the resident bacteria. Jin et al. (1994) demonstrated that in three soils contam-
inated with toluene (sterile soil, soil preexposed to toluene, and soil not previously exposed
to toluene), degradation rates increased with increased exposure time due to the buildup of
an enriched microbial population.

14.3.4 Transport Mechanisms

n addition to the mass transfer and transformation mechanisms that occur during air sparg-
ing, VOC transport mechanisms play a role in ensuring remediation. The important transport
mechanisms that occur during air sparging include advection, dispersion, and diffusion.

Advection and Dispersion. Advection is defined as the transport or movement of vapors
or liquids in air or water due to the response to a pressure gradient (Bear, 1972; Fetter,
1999). The migration due to advection is dependent on the pressure gradient and the soil
permeability. The soil permeability is dependent on soil grain size and grain size distribution,
the type and structure of the soil, the soil porosity, and the water content of the soil. While
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both groundwater and soil gas flow are governed by Darcy’s law, mass flux due to advection
in one dimension can be written as (Fetter, 1999):

F,=vn,C (14.7)

where F, = mass flux

v = flow velocity
n_ = effective porosity

(4

C = contaminant mass per unit volume of solution

For one-dimensional transient conditions and uniform velocity, the advective transport equa-
tion may be wrilten as:

aC aC
= Vo (14.8)

Dispersion is defined as the mixing or spreading of the contaminant in either the ground-
water or soil gas due to differences in micro-scale flow velocities. Once again, soil
permeability affects dispersion as pore size, path length, and pore friction create these dif-
ferences in flow velocity. Dispersion that occurs along the flow path is known as longitudinal
dispersion, while flow occurring perpendicular to the flow path is known as transverse dis-
persion. Both advection and dispersion are important mass transport mechanisms. Hein et
al. (1994) reported that mode] simulations indicated that mass transfer /transport is dominated
in part by gaseous advection and dispersion. Pepper and Stephenson (1995) reported that
groundwater transport is advection-dominated, while Wilson et al. {1994a) reported that
injection wells should be operated in a manner that will gencrate the maximum amount of
dispersive mixing, a situation that can be accomplished using pulsed air injection.

Advection and dispersion act to disrupt the saturated zone by creating turbulence. The
turbulence created by air injection serves to disrupt equilibrium. This action can help intro-
duce water into dead-end pores previously occupied by NAPL ganglia as well as create
groundwater flow or circulation. Such groundwater movement will aid dissolution by trans-
porting dissolved contaminant away from NAPL sources, creating concentration gradients
that will force additional dissotution. This type of behavior will also aid in desorption as
concentration gradients will be established near the surface of soil particles with sorbed
contaminants.

Caution should be used, however, when inducing subsurface turbulence. While this tur-
bulence allows for desirable effects, too much movement may force unwanted migration into
areas previously free of contamination. Additionally, some mechanisms, especially
adsorption/desorption, are reversible, and thus advection/dispersion can act to trap contam-
inant in dead-end pores as well as force additional contaminant adsorption. Therefore, sub-
surface air flow should be carefully monitored to help minimize any negative effects of
advection/dispersion.

Diffusion. Diffusion is defined as the migration of contaminant from regions of high con-
centration to regions of low concentration. The diffusive flux is governed by Fick’s law and
also depends on tortuosity, or the length of the transport path, within the soil {Bear, 1972;
Fetter, 1999), Diffusion is the primary mechanism for the removal of NAPL trapped in dead-
end pores. Diffusion must occur in order for movement to occur from such trapped sites into
regions where other processes may occur for removal. It is also a means of transporting:
contaminant from source locations (o air channels in order for volatilization or biodegradation
to take place. Diffusion is an extremely slow process; Ahlfeld et al. (1994a) reported that in
a water column with a 20-in. radius, 78 years would be required to reach a concentration of
5 parts per billion if flow took place in a 1-in.-radius channel, 1.7 years if the channel radius
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were increased to 2 in., and 27 days if the channel radius was increased to 5 in. Therefore,
diffusion often becomes a rate-limiting process (Ahlfeld et al., 1994a).

While diffusion rates in gas can be calculated to a reasonable degree of accuracy, it is
more difficult to do so in liquids (Davis, 1997). Diffusion is between three and four orders
of magnitude slower in liquids than in gas (Petersen et al., 1994). Additionally, diffusion
was determined to be affected by porous media (Davis, 1997), and diffusion rates in porous
media will decrease with increased saturation (Pelersen et al., 1994). Davis (1997) reported
that soil gas diffusion can be approximated as follows:

= (14.9)

where D, = soil diffusion
D, = air diffusion
a = volumetric air content for soil
n = soil porosity

Diffusion of gas within soil is important as it will help determine any type of air or vapor

movement. Additionally, trapped gas may also be removed through diffusion (Fry et al.,
1995).

14.4 SYSTEM DESIGN AND IMPLEMENTATION

When designing an air sparging system, a number of site-specific and operator-controlled
parameters must be addressed. A flowchart summarizing air sparging design process is shown
in Fig. 14.2. The scil profile needs to be explored in order to determine what soils exist.
The hydrologic conditions at the site also need to be analyzed. Questions need to be answered
regarding site contamination, including contaminant type and properties, concentrations, and
Tocations. If the contaminants present at the site are conducive to removal using air sparging,
then system parameters such as the number, spacing, and depth of air injection wells need
to be determined. Flow rates and pressures need to be determined, as well as the details of
the soil vapor-extraction system. Once the system is designed, the performance of the system
needs to be monitored to ensure adequate performance. If the system is not performing well,
changes need to be made and performance reevaluated. This iterative design process contin-
ues until the air sparging system is performing to expectations.

144.1 Equipment

A major advantage of air sparging is that it requires only simple materials to construct a
field system. No special equipment needs to be designed; and all equipment used is easily
obtained. Equipment required for the air injection system and soil vapor extraction system
is summarized in this section.

Injection Systerm, An air compressor is used to force air into the air injection wells. The
compressor must be capable of injecting air at a proper flow rate under suitable air pressure.
The number of wells that are fed by a given compressor also diciates the size of the air
compressor, Typically, reciprocating or rotary screw compressors are uscd during field ap-
plication (Marley et al., 1992a}. Regardless of what type is used, the compressor must be
oil-free in order to prevent the delivery of additional contamination to the subsurface (John-
son et al., 1993).
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SITE GEOLOGY AND HYDROGEOLOGY
« What is the degree of soil heterogeneity at the site?
« Are there surface concerns, such as buildings, roads, or utilities?

« What is the chemistry of the soil and groundwater?

« Is groundwater flow a problem?

Is site suitable for air sparging?

SITE CONTAMINATION
+ What contamination is present?
+ \What are the concentration levels?
+ How is the contaminant distributed (location and form)?

« Can the contaminant be removed using air sparging?

DESIGN FROCESS
+ Pilot tests

+ Rational Design basis incorporating information from laboratory
investigations, modeling, and field experiments

EIELD SYSTEMS
+ How many wells? Well spacing? Weil depth?
+ What type of injected gas?
+ Flow rate? Pressure? Qperating schedule?

= Details of soil vapor extraction system, including vacuum, spacing and
depth.

EVALUATION OF SYSTEM PERFORMANCE

+ Air flow pattern?

+ Radius/Zone of Influence?

. Is an adequate rate of removal occurring?

FIGURE 14.2 Design process for air sparging systems.
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The air leaves the compressor at a flow rate and pressure that is controlled through the
use of regulators. It passes into a manifold system wsed for delivery to the injection wells.
Because the air leaving the compressor may be high in temperature, rubber hose or metal
pipes are often used in the manifold systern (Marley et al.,, 1992a). Valves are included in
the manifold system to ensure that the desired amount of air is delivered to each well. The
injection well usually consists of 1- to 4-in.-diameter PVC pipe, although stainless steel may
be used if steam or heated air is to be injected (Johnson et al., 1993). One- to 2-in. in
diameter PVC pipe is often used because it is cheaper to install (Fohnson et al., 1993). A
borehole for well placement is often drilled, but the use of direct push methods for well
placement may provide significant cost savings (Joiner and O’ Keefe, 1956). The well screen
is placed below the lowest known point of contamnination to ensure that the entire plume is

- addressed.

Nyer and Suthersan (1993) stated that injection should be at least 1 to 2 ft below the .
lowest point of contamination, but typical injection points during field applications are 10 ft
below the lowest point of contamination (Bruell et al. 1997). Loden (1992) reports that wells
are effective in delivering air to a depth of 150 ft, but if depths are below 40 ft, a series of
nested wells should be used (Nyer and Suthersan, 1993). The well screen is usualiy 1 to 3
ft long (Marley et al., 1992a). The screens help minimize any effects of clogging as well as
provide for even air distribution. The well is backfilled with 6 in. to 2 ft of sand or gravel
to act s a filter and is then sealed with a bentonite seal fo prevent air from short-circuiting
to the surface. The remaining annulus is grouted to the surface to assist in providing a seal
(Loden, 1992).

Soil Vapor Extraction System. Once the air is injected into the saturated subsurface, it will
migrate toward the surface due to the effect of buoyancy. Eventually the contaminated in-
jected air will enter the vadose zone. At this point, a soil vapor extraction (SVE) system
may be implemented. Soil vapor extraction applies a vacuum to the vadose zone fo assist in
collecting vapors. The vacuum will help vapor collection as well as assist in preventing
unwanted off-site migration. Equipment used in a soil vapor extraction system is similar to
that used in an air sparging system, except that a vacuum pump is used instead of an air
compressor. Additionally, if the vapors being collected by the soil Vapor extraction system
are moist, a dewatering system may be employed (Johnson et al., 1993).

The extraction fiow rate is very important in order to control air and contaminant vapor
migration. Simply stated, the extraction rates must be higher than the injection rates in order
to prevent soil pressure buildup. Loden (1992) reported that the ratio of extraction to injection
commonly used during field application are between 4:1 and 5:1. Johnson et al. (1990)
reported that typical extraction rates are between 100 and 1,000 standard cubic feet per
minuie (scfm).

14.4.2 Operational Controls

In addition to proper system design and layout, proper choices regarding the operating pa-
rameters of an air sparging system are essential to the success of the remediation program.

Injection Media. The first choice that must be made is the type of gas to be injected into
the subsurface. The choice of gas is especially important in ensuring the delivery of oxygen
to the subsurface in order to stimulate biodegradation. Air is the gas most commonly uvsed
in remedial programs. Air is low in cost and not explosive or flammable. When air is injected
into the subsurface, dissolved oxygen levels may be raised from typical concentrations of
about 2 mg/L to between 9 and 10 mg/L, thereby providing suitable oxygen levels for
biodegradation (Johnson et al., 1993).

If higher levels of dissolved oxygen are desired, pure oxygen or air enriched with oxygen
may be used. When pure oxygen is injected into the subsurface, dissolved oxygen levels
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may teach 40 mg/L (Johnson et al., 1993). Even if the reported oxygen levels can be
delivered to the subsurface, Bausmith et al. {1996) reported that high levels of oxygen could
stimulate such rapid biological growth that injection wells may become clogged with bio-
mass. Additionally, the elevated levels of oxygen can force soluble manganese or iron present
in the groundwater fo precipitate into insoluble manganese dioxide (MnQ,) or ferric hy-
droxide (Fe(OH),). Calcium may precipitate as insoluble calcium carbonate (CaCO;) in the
presence of carbon dioxide (Bausmith et al., 1996). If chlorinated solvents are present at a:
site, aerobic degradation becomes difficult. These solvents, however, may be anaerobically
degraded, especially by methantropic bacteria. In such situations, methane can be injected
into the subsurface to stimulate methanogenic degradation (Leonard et al., 1994).

Another alternative is the use of ozene for injection, a method that is being increasingly
adopted for treating both contaminated soils and groundwater. The injection of ozone allows
subsurface ozonation to occur. Qzonation is an advanced chernical oxidation process that
may be used to break complex organic contarninants info less persistent or less toxic mol-
ecules (Nelson and Brown, 1994). The ozone accomplishes this by assisting in the degra-
dation of double-bonded organics (Leonard et al., 1994).

Steam may be used in place of air or oxygen for injection into the subsurface. The
injection of steam increases the temperature of the subsurface, helping to improve the re-
moval efficiency of semivolatile organic compounds (SVOCs) as well as stimulating micro-
bial activity in colder soils and climates (Leonard et al., 1994). Steam has been used for
years by the oil industry o recover crude oil from the subsurface. By 1979, 20% of the oil
produced in California had been extracted from the subsurface using steam injection (Falta
et al., 1992). During the use of steam injection, contaminant mass transport occurs by ad-
vection in all three phases and by multicomponent diffusion in the gas phase (Falta et al.,
1992). Heat transfer to the subsurface occurs due to conduction, mulfiphase convection, and
gaseous diffusion (Falta et al., 1992).

To study the performance of steam injection, Hunt et al. (1988b) performed laboratory
tests in a 91-cm Pyrex horizontal glass column. Ottawa sand was contaminated with trichlo-
roethylene, benzene, and toluene and then subjected to both water (purnp-and-treat) injection
and steam injection. The water injection proved to be ineffective, even when flow rates of
up 15 m?/day were used. When steam was injected, the contaminant was displaced as a slug
just ahead of the steam front at flow velocities of up to 1.5 m/day. It was demonstrated that
only one pore volume of fluid was needed to achieve cleanup using steam. Additionally, the
use of steam allowed for the possibility of actual NAPL recovery.

Fiow Rate/Mode of Injection. Once the type of gas to be injected is determined, the flow
rate and mode of injection must be determined. Loden (1992) reported that flow rates of 2
to 16.5 scfm are typical for field application. Nyer and Suthersan (1993) reported that when
s0il vapor extraction systems are used at a site, injection flow rates between 4 and 10 scfm
are used. Tt has been reported that any flow rates beyond contaminant diffusion kinetics are
a waste of effort (Roberts and Wilson, 1993; Reddy and Adams, 1999; Adams and Reddy,
1999). Additionally, Rutherford and Johnson (1996) found that oxygen transfer into ground-
water may actually be impeded by an injection flow rate that is high because the air will act
to push the groundwater away from the point of injection, decreasing interfacial transfer area
and oxygen transfer.

When injecting air, either continuous or pulsed air flow may be used. Pulsed flow involves
using a cycle that consists of injection followed by a time of cessation. After the period of
cessation has elapsed, air is once again injected and the cycle is repeated. Wilson et al.
(1994a, b) reported that pulsing helps improve removal efficiency by inducing mixing. Mc-.
Kay and Acomb (1996) stated that frequent pulsing is needed to optimize oxygen distribution
within the subsurface. Reddy and Adams (1998) and Adams and Reddy (1999) found that
pulsed air injection improves removal efficiency in finer soils, whereas it does not affect the
removal in coarser soils.
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Injection Pressure. 'When air sparging is performed, air must be injected under proper
pressure. If air is injected under pressure that is too low, it will be unable to enter into the
subsurface. If air is injected at pressure that is too high, the contaminant plume may be
forced to migrate into previously uncontaminated areas. Additionally, soil heaving or frac-
turing may result within the subsurface if injection pressure is too high. The necessary
pressure needed for air to enter into the subsurface is the sum of hydrostatic pressure at the
injection point, friction due to exiting from the well, and the capillary pressure due to the
interface of two fluids within the porous media (Johnson et al., 1993; Ahifeld et al., 1994a;
Bausmith et al., 1996). One pound per square inch of pressure is needed to overcome every
2.3 ft of static water above the injection point (Bausmith et al., 1996). The capillary or air
entry pressures that must be overcome may range between a few centimeters of pressure
head in coarse, sandy soils to several meters in low-permeability clay (Johnson et al., 1993).
Wehrle (1990) reported that additional air pressure will be needed to overcome capillary
pressure when the Dy, of a seil is smaller than 0.8 mm.

Vapor Treatment. When soil vapor extraction is used, the contaminated vapors that have
been collected must be addressed. The simplest solution is to release the contaminated vapors
directly to the atmosphere. Using this option, the effluent gases are passed throngh a diffuser
stack and released into the air. This is applicable only when local regulations allow and
compliance with air emission standards can be ensured. When vapor treatment is needed, a
popular option is the use of carbon adsorption. The vapors are passed through an activated
carbon matrix, effectively removing contaminated vapors from the effluent gas. Either virgin
or recharged carbon may be used during application (Loden, 1992). Thermal incineration is
another option. Temperatures between 1,000 and 1,400°F are used to destroy the contami-
nants, providing contaminant destruction rates of 95-100% (Loden, 1992). Care must be
taken not to exceed the explosive limit; this can be avoided by diluting and mixing the
vapors with fresh air (Loden, 1992). Lower temperatures may be used with the use of cat-
alytic oxidation. Because a catalyst is employed, temperatures may be lowered to values of
600-800°F. Such a process allows for contaminant destruction efficiencies of up to 85%
(Loden, 1992). Additionally, if off-vapors provide proper conditions, internal combustion
engines may be used to provide power while treating the vapors.

14.5 PREDICTIVE MODELING

Mathematical models for predicting air sparging performance will eliminate a great deal of
the guesswork involved in system component design and layout. Several researchers have
developed mathematical models to simulate air sparging performance (Marley et al., 1992b;
Sellers and Schreiber, 1992; Wilson, 1992; Burchfield and Wilson, 1993; Roberts and Wilson,
1993; Gomez-Lahoz et al., 1994; Reddy et al., 1995a, b; Reddy and Zhou, 1996; Lundegard
and Andersen, 1996; McCray and Falta, 1997; Wilson et al., 1994a, b; Wilson and Norris,
1997; Rabideau and Blayden, 1998; and van Dijke and van der Zee, 1998).

Simple models may be used to study specific mass transfer, transformation, or transport
processes, or more rigorous models may be used to study macroscale performance. Unfor-
tunately, because air sparging creates dynamic, nonequilibrium processes, models based on
simplifying assumptions may provide misleading results. Additionally, many models have
yet to be validated with controlled laboratory test data and field data,

14.6 PERFORMANCE ASSESSMENT

Monitoring of air sparging systems installed at different sites provided valuable information
on the air sparging process, particularly the radius or zone of influence and contarinant
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removal behavior, which are briefly explained in this section (Bruell et al., 1997; Bass and
Brown, 1997).

14.6.1 Radius of Influence/Zone of Influence

Arguably the most important factor related to air sparging is the radius of influence (ROI),
defined as the lateral distance from the center of the sparge well to the edge of the region
that is impacted by the injected air. The region of soil that is delineated by the ROT is known
as the zone of influence (ZO1); it is the actual volume of soil that is impacted by the injected
air. Both the radius and the zone of influence are of the utmost importance for the successful
design and implementation of an air sparging system. Since the radius and zone indicate the
footprint of treatment that a given well creates, it assists in the proper spacing and layout
of wells. If the design radius of influence is underestimated, the wells will be spaced closer
together than necessary, leading to an overdesigned and overpriced remedial system. If the
radius of influence used for design is overestimated, the wells will be spaced too far apart,
leaving regions of the contaminated sofl profile untreated.

The radius and zone of influence are heavily dependent on soil permeability. The injected
air rises towards the surface due to buoyancy, but the conical zone is established becanse of
lateral air migration. The lateral air migration takes place because of differences between
the horizonta! and vertical permeability. Because horizontal permeability may be 10-1,000
times greater than vertical permeability (Nyer and Suthersan, 1993), the vertical resistance
is high enough to overcome buoyancy and force some lateral movement. Overall soil per-
meability also dictates the size of the radius/zone of influence; the less permeable a soil,
the larger the radius/zone of influence. Nyer and Suthersan (1993) reported that the angle
of the zone tangent with the vertical ranges from 15° for coarse gravels to 60° for silty sands.
Zumwalt et al. (1997) performed laboratory tests with homogenous, isotropic sands and
measured an angle of 26.5°

Since the radius of influence is so important in the design of a field system, its accurate
measurement is also crucial to ensure proper performance during operation. Several different
methods are available to facilitate field measurement of the radius/zone of influence. Water
table mounding is defined as the increase in the height of the water table due to the additional
pressure caused by the injection of air. It can be measured rather easily through the use of
monitoring wells. Unfortunately, the increase in water table height is a transient situation;
the increase in table height creates a hydraulic gradient within the table that will eventually
Jevel out the table, creating a steady-state condition. At a remedial site in Florence, Oregon,
Lundegard and LaBrecque (1995) measured a radius of influence of 63 ft 30 minutes after
injection began, but the increase in water table elevation had disappeared within 3 to 4 hours.

A similar method that may be employed is the observation of air bubbles within ground-
water monitoring wells. The bubbles are the result of the intersection of an air channel or
flowing bubbles with the wall of the well. The bubbles provide direct evidence that air flow
is occurring within the subsurface of the well. In a related application, Kraus et al. (1997)
reported on the progress of remediation at a ficld site. The remedial site was at a lower
elevation than the surrounding area and often became submerged with surface runoff follow-
ing summer rainstorms. While the site was submerged, the effluent air was observed exiting
the soil profile because it bubbled through the water lying above. Radii of influence mea-
suring between 4.5 and 12 m were observed during injection.

The mounding of groundwater is essentially the measure of water table encroachment
into the vadose zone. Other measures of the radius/zone of influence are possible, including
the measurement of VOC vapors in the vadose zone, the increase of dissolved oxygen, the
extent of tracer gases that may have been included in the air injection process, and the
increase of overall soil gas pressure within the vadose zone. Caution should be exercised,
however, when using vadose detection methods because differences exist between the per-
meabilities of the saturated zone and the vadose zone. Any type of measurement that requires
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measurement of gas within the vadose zone may be skewed by the migration patterns that
occur and may not be representative of conditions within the saturated zone (Javanmardian
and Kremesec, 1995). McCray and Falta (1997) used a model known as T2VOC to analyze
a subsurface flow pattern occurring during air injection. They found that positive pressure
measurements made below the water table closely corresponded to subsurface gas distribu-
tion and the zone of influence, showing that soil gas pressure measurement is an easily
implemented technique that is a good monitor of the radius/zone of influence.

Other gas measurements may be made within the saturated zone. Using monitoring de-
vices placed directly in the saturated Zone, increases in dissolved oxygen or carbon dioxide
caused by the sparging process may be measured. The injected air will cause volatilization
of the subsurface contaminants to occur; therefore, measurements of contaminant Vapors
within the subsurface may help determine the extent of the zone of influence. During injec-
tion, tracer gases may be sparged into the groundwater. One such gas that has been widely
used is sulfur hexafluoride (SF,). Sulfur hexafluoride is virtually nonreactive, has very similar
dissolution characteristics to those of oxygen, and is detectable at very low concentrations
(Javanmardian and Kremesec, 1995). The changes in soil gas composition may also be
indirectly determined through the measurement of major conswmmers/producers of soil gas,
the native microbial population.

Some of the above techniques, including measurements of water table mounding, soil gas
pressure, and tracer gases are indirect indicators of subsurface air flow and the radius/zone
of influence; caution should be exercised when using such methods (Lundegard and La-
Brecque, 1995). Newer, more innovative techniques for measuring subsurface air flow are
being increasingly used. Goldflam et al. (1997) implemented radar at a remedial site. They
used a RAMAC 60 MHz center borehole radar to determine both the extent of air flow and
the zone of influence. This system provided definition on the scale of 10 cm due to the
spacing of the rays. Another innovative technique that has seen widely used recently is
electrical resistivity tomography (ERT). During implementation, an electrode pair is placed
within the subsurface, and a current is passed between the two electrodes. Air insulates
electricity, but groundwater is a conductor of electricity (Schima et al., 1996). Subsurface
electrical resistance is a function of saturation, porosity, and clay content. The resistance to
current flow is measured, with regions of high resistance indicating regions of air flow.
During measurement, a resistivity distribution is created, and a finite element mesh is gen-
erated for analysis. )

Lundegard and LaBrecque (1995) performed an extensive field test in order to compare
several methods for radius of influence measurement with electrical resistivity tomography.
The field site (Florence, Oregon) consisted of a sandy, isotropic, homogenous aquifer that
had been contaminated with hydrocarbons, especially gasoline. The water table was located
at a depth of 17 ft below the ground surface, and a groundwater flow gradient of 0,006 ft/
ft was measured. The permeability of the aquifer soils was approximately 2 X 1072 cm/s.
Air was injected into the subsurface using a 2-in. diameter PV.C well that was screened for
2 ft beginning at a depth of 14 ft below the water table. In addition to the use of the
measurement of groundwater mounding previously mentioned, dissolved oxygen levels and
increases in soil gas pressure (at least 0,01 inches of water) were measured, as well as the
use of ERT. The ERT system, which had a definition on the scale of 1 to 2 ft, revealed a
zone of influence parabolic in shape with a radius of influence of approximately 8 ft. Because
rather large changes in resistance were measured, it was determined that a high-density air
flow channel network had been established. t was also observed that air was entering the
soil at the bentonite seal. When comparing all of the methods used during the test, it was
determined that the radius of influence determined using ERT was two to eight times smaller
than with the other methods, indicating that the other methods may seriously -overestimate
the radius of influence of a given well,

Johnson et al. (1995) also performed a comparative study to determine how different
measurement techniques may offer different values for the radius of influence. A sparge well
was screened at 6 ft below ground surface. Direct push methods were used for the monitoring
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of the radius/zone of influence. A neutron probe revealed a radius of influence of 3 m with
highly scattered air flow. Electrical resistivity tomography was applied, revealing the same
result. The use of sulfur hexafluoride as a tracer gas also gave a radius of influence of 3 m,
but the zone of influence appeared to be skewed in shape. Dissolved oxygen levels within
the groundwater were monitored, and a radius of influence of between 6 and 9 m was
determined. Because of induced groundwater circulation, groundwater that had come into
contact with the injected air may have flowed away from the well, being detected at further
distances and providing a larger radius of influence than that determined with the other
methods.

14.6.2 Contaminant Removal

A number of methods can be employed to monitor remedial progress, including the use of
monitoring wells, groundwater analysis, and effluent vapor analysis. Selected case studies
are sumrnarized in Table 14.1 and in this section to provide information on expected con-
taminant removal using air sparging systems.

Ardito and Billings (1990) utilized a subsurface volatilization and ventilation system
(SVVS), which featured a nested well pair consisting of a sparge well and an extraction
well. Three site applications were reported. At Isleta, New Mexico, a 90% cost reduction
per percent benzene reduction was realized. At Bernanillo, New Mexico, between 12,000
and 13,000 gallons were remediated to nondetectable levels. At Ameal, New Mexico, con-
centrations of 23,000 to 43,000 ppb benzene dropped to 730 to 6,300 ppb after application
of SVVS and free-product skimming,.

Brown et al. (1991) reported on the remediation of a former dry cleaning facility that
was contaminated by a combination of PCE, TCE, DCE, and heating oil. After pilot tests
were run, a design radius of influence of 50 ft was used. Injection was performed at 16
standard cubic feet per minute under a pressure of 10 in water column. Within the first six
weeks, 900 1b of PCE and TCE were removed, and a 98% reduction was achieved in 125
days.

Marley (1992) reported on the use of air sparging at a BTEX-contaminated site. Coarse
sand extended to 20 ft below ground surface, which in turn was underlain by denser sand.
The water table was between 15.5 and 16 ft below ground surface. A pilot test determined
no appreciable benefit from pulsed air injection, but a full-scale system was installed fea-
turing pulsed air injection due to operating Concerns. Shaliow wells were run with three
hours injection followed by nine hours of down time, while the decp wells were operated
with a regime of six hours on, six hours off. In 60 days, 5 to 10 Ib of hydrocarbon were
removed.

Leonard and Brown (1992) reported on the use of air sparging applied to a site contam-
inated with toluene and chlorinated solvents. It was found that 75% of the contaminant
resided in the saturated zone. A sparge well was placed at 14.5 ft below ground surface (8.5
ft below the water table). Within three months, 7% of the contaminant was removed.

Deaver and Tworkowski (1994) reported on a remedial program at an adhesives man-
ufacturing facility. The site consisted of 56,000 pg/L of 1,1,1-TCA and 4,000 pg/L of
i,1,1-DCE. SVE was shown to clean the vadose zone, but it did not address the saturated
zone. A single well was placed in the spill area, leading to a drop from 2,000 ug/L to
200 pgfL.

Damera et al. (1997) used air sparging at a site contaminated by a multiple fuel spill. -
The site consisted of 3 to 10 ft of silty clay over fine to medium sand, with the water table
at 29 ft. Within a year and a half, 57,000 Ib of hydrocarbons were removed from the site
due to biodegradation and volatilization. An analysis was performed, determining that 61%
was removed due to volatilization.
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14.7 MODIFIED /RELATED TECHNOLOGIES

Even though traditional air sparging (vertical well, injection of air) has proven to be suc-
cessful in a wide variety of field applications, alternative strategies exist that can make air
sparging applicable to other conditions. Sometimes other remedial technologies such as pump
and treat and bioremediation are used in conjunction with the air sparging technology to
address site-specific contaminant conditions,

14.7.1 Horizontal Wells

Horizontal wells may be implemented under a wide range of field applications, but they are
especially useful in treating long, shallow spills, such as those that may occur under leaking
above-ground or in-ground pipelines (Bausmith et al., 1996). There are four proven methods
for horizontal well placement: directional drilling, trenching, boring, and backhoe excavation.
These placements and subsequent improvements have made the use of horizontal wells an
attractive option with many benefits over the use of vertical wells (Plummer et al. 1997).
One horizontal well can replace several vertical wells, leading to a reduction in operating
expense that can help offset the additional placement costs. Because of the continuous nature
of a horizontal well, the injected air is able to interact with the subsurface contaminant over
a larger surface area, accelerating removal, The continuous nature of a horizontal well also
allows for easier interception of a migrating contaminant plume (Mast and Koerner, 1996).
Additionally, the flexibility of directional drilling allows for the placement of injection wells
in locations that may be difficult or impossible with the use of vertical wells, especially in
cases of surface or subsurface obstructions caused by roads, buildings, or utilities.

Despite the possible advantages that the use of horizontal wells offers, horizontal wells
do have drawbacks that must be dealt with during design and operation (Mast and Koerner,
1996). The placement of horizontal wells becomes impractical with increasing depth, espe-
cially when techniques other than directional drillings are used. Their use may become cost-
prohibitive when placement depths greater than 15 ft are required. Therefore, when contam-
ination is detected at great depths, vertical wells should be used. In a horizontal well, it is
often hard to provide for even air injection and flow over the length of a well, leading to
uneven air coverage within the subsurface. Even though horizontal wells may provide a large
area of coverage, the use of a vertical well in lower permeability soils provides a sizeable
zone of treatment, making the use of a horizontal well unnecessary. Wilson et al. (1994b)
analyzed the performance of horizontal versus vertical wells using a computer model and
found that vertical wells actually performed better because the groundwater circulation path
that a horizontal well created spread the contaminant out too far to be remediated efficiently.

To analyze the performance difference between horizontal and vertical wells, Plummer et
al. (1997) performed laboratory tests in both saturated beach sand and glass beads to analyze
the air flow created by both types of wells. Their apparatus consisted of a two-dimensional
Lexan tank topped by a manifold/flowmeter system designed to measure regional effluent
gas flow rates. They found that under the same air injection pressure, a horizontal well
allowed for one and a half to two times higher air flow than a vertical well. Additionally,
more groundwater was displaced during the vse of a horizontal well, indicating the existence
of more extensive air flow,

Past work in the field using horizontal wells has demonstrated successful implementation.
Ghandehari et al. (1994) reported on the use of a horizontal well at a remedial site in
Charlotte, North Carolina, The site, consisting of clayey silts with a shallow water table (7
to 15 ft below ground surface), was contaminated with BTEX constituents and methyl tertiary
butyl ether (MTBE). A 2-in. diameter PVC vapor extraction measuring 230 ft in length was
placed 4 to 5 ft below ground surface. A 2-in. diameter PVC injection well measuring 310
ft in length was placed 40 ft below grade. The injection well was screened over 130 ft of
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its length. The radius of influence was measured in a variety of ways, including soil air

pressure, dissolved oxygen, groundwater mounding, and native bacterial populations, and

was found to measure approximately 40 ft. Within one year, BTEX concentrations dropped

from 65 to 100 ppb to non-detectable levels. Reductions in MTBE concentrations were also
. seen.

14.7.2 Sparge Trenches

Sparge trenches or curtains may be used instead of horizontal and/or vertical wells. Trenches
and curtains are especially useful when the contarninant plume is miggating in a region of
high groundwater flow or where the prevention of off-site mi gration is of the utmost concern.
The typical volume flux into a trench is on the order of 0.015 to 0.5 m?/m?2 per day (Pankow
et al., 1993). After digging, the trench is shored up with sheet piling and may be left open
or backfilled with soil. The backfill must be of equal or higher permeability in order to
prevent the flowing groundwater from circumventing the treatment zone. Additionally, cutoff
wells are often used to ensure the groundwater is flowing in the proper direction. Along the
wall, 5 to 20% needs to consist of gates to prevent groundwater from building up, which
could possibly cause flow in undesired directions (Pankow et al., 1993). Larger dimensions
actually do not lead to greater efficiency, only to increased volumes of water to be treated.
The parameters that have the greatest effect on efficiency include the Henry’s constant(s) of
the contaminant(s) and the gas sparge rate (Pankow et al., 1993),

Marley et al. (1994) reported on the typical field application of a trench. The site consisted
of clayey silts with an unconfined, perched aquifer with the water table residing 2 ft below
ground surface. The trench used was built in 40-ft segments for a total of 360 ft, The trench
measured 1 meter in width, and air was injected at a rate of 0.005 m?/s per meter of trench.
Volatile VOCs were emitted directly to the atmosphere. Bittner and Hoffman (1996) reported
on the use of an aeration curtain at a site in Utah. The subsurface was contaminated with
trichloroethylene with concentrations as high as 1,000 ug/L. Air was injected into the trench
21.7 L/s. Approximately 90% of the initial concentrations were removed within 48 hours
of operations, and 99% was removed within 8 days.

14.7.3 Biosparging

Biosparging is an alternative to the use of an air sparging/soil vapor extraction system.
During the implementation of biosparging, lower injection flow rates are used to prevent the
buildup of excess soil gas pressure. The injected air increases the concentration of dissolved
oxygen within the groundwater, stimulating aerobic biodegradation of subsurface by the
native microbial population. To prevent the buildup of pressure, flow rates of approximately
1 scfm are used (Nyer and Suthersan, 1993). The viability of biosparging is dependent on
subsurface conditions; in addition to the introduction of dissolved OXygen to serve as an
electron acceplor, a suitable microbial population as well as essential microbial nutrients
must be present in sufficient quantity. When the subsurface conditions are favorable, the
contamination may be degraded and mineralized into harmless by-products such as carbon
dioxide and water, depending on the specific metabolic reaction occurring,

14.7.4 Related/Compiementary Technologies

Air sparging may be combined with other technologies such as pump and treat and bio-
remediation to address certain site-specific conditions, including the type and distribution of
the contaminants as well as site hydrogeologic conditions.
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14.8 SUMMARY

Air sparging has proven to be an effective technique for the remediation of VOC-
contaminated saturated soils and groundwater. Due to its use of readily available equiptnent
and its overall remedial efficiency, air sparging can offer significant cost savings compared
to other remedial technologies. The operator-controlled parameters allow for flexible imple-
mentation, and an air sparging system may be combined with a soil vapor extraction system
or used for biosparging. To ensure efficient performance, a detailed geologic and hydrogeo-
logic characterization must be performed before system implementation. The site character-
ization will also provide important information regarding the relative contribution of critical
mass transfer, transport, and transformation parameters that occur during the use of air sparg-
ing,

Several air sparging systems have been designed, operated, and monitored in the field
under different contaminant and hydrogeologic conditions. The performance data from these
sites have helped in understanding the advantages and limitations of the technique as well
as provided a database to use as guidance for future air sparging systems. Air sparging is
being used increasingly because of its low cost and significantly reduced treatment time
compared to the very high cost and long treatment time associated with conventional re-
mediation technologies. In general, acceptance of the air sparging technology by the regu-
latory agencies has been high.

Air sparging is still a relatively new technology, and much more needs to be learned
about how it works and how it can best be applied. Most of the laboratory work performed
has included simplifications that may restrict the applicability of the results to field situations.
Ofiten, field studies have not been monitored and documented enough to understand the
processes of air sparging. Many models developed to date include unrealistic simplifications
or have not been validated with laboratory or field investigations. Therefore, in order to
advance the state of the art regarding air sparging, controlled laboratory tests studying a
wide range of operator-controlled and site-specific parameters and a careful assessment of
field systems need to be performed to develop realistic mathematical models that will ade-
quately describe and predict behavior during the implementation of air sparging.
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