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SUMMARY

Urban areas typically contain numerous
sites underlain by soils or ground waters
which are contaminated to levels that
exceed clean-up guidelines and are
hazardous to public health. Contamina-
tion most commonly results from the
disposal, careless use and spillage of
chemicals, or the historic importation of
contaminated fill onto properties under-
going redevelopment. Contaminants of
concern in soil and ground water in-
clude: inorganic chemicals such as
heavy metals, radioactive metals, salt
and inorganic pesticides, and a range of
organic chemicals included within pet-
roleumn fuels, coal tar products, PCB
oils, chlorinated solvents, and pesti-
cides. Dealing with contaminated sites
is a major problem affecting all urban
areas and a wide range of different re-
medial technologies are available. This
chapter reviews the more commonly
used methods for ground-water and soil
remediation, paying particular regard to
efficiency and applicability of specific
treatments to different site conditions.

RESUME

Il arrive fréquemment que les zones ur-
baines soient situées en des endroits
dont le sol et les eaux souterraines
soient pollués a des niveaux dépassant
les normes préscrites et qui présentent
des risques pour la santé publique. Le
plus souvent, la contamination est le
résultat de l'enfouissement, d'une utili-
sation négligente et de déversements
de produits chimiques, ou de I'utilisa-

tion de matériaux de remplissage con-
taiminés a des fins de terrassement lors
de travaux de rénovation urbaines. Les
contaminants les plus inquiétants dans
les sols et les eaux souterraines com-
prennent les composés inorganiques
tels les métaux lourds, les métaux radio-
actifs, les sels et les pesticides orga-
niques, et une gamme de produits orga-
niques accompagnant les combustibles
pétroliers, des dérivés du goudron de
houille, des huiles a BPC, des solvants
chlorés, et des pesticides. La question
des terrains contaminés est un prob-
leme majeur affectant toutes les zones
urbaines, et il faut savoir qu'il existe
toute une panoplie de technologies
de restauration. Dans ce chapitre, on
examine les méthodes les plus em-
ployées pour la restauration des eaux
souterraines et des sols, en portant une
attention particuliere a lefficacité et
I'applicabilité de chaque traitement en
fonction des caractéristiques des dif-
férents térrains.

INTRODUCTION
The built landscapes of urban areas are
widely characterized by contaminated
substrates and ground waters. A recur-
ring theme throughout this volume has
been the need to identify sources of
chemical contamination and character-
ize the extent of contamination in the
subsurface. In general, the impact of
contaminants on the environment de-
pends on the physical characteristics of
the contaminated site, the toxicity and
mobility of the contaminant, and the
geometry of the contaminant source.
The need for clean-up of soil and
ground water is frequently triggered ei-
ther by complaints from adjacent prop-
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erty owners, who are affected by ofi-site
migration of contaminants, or by the
sale and/or redevelopment of contami-
nated properties. Site investigations
prior to property transactions are now
routine. A wide range of clean-up op-
tions is available, and great care is
needed in choosing the most appropri-
ate technology.

The recent development of remedial
technologies for the treatment of soil
and ground water has been greatly influ-
enced by the environmental threat in-
creasingly presented by organic chemi-
cals known as non-aqueous phase lig-
uids (NAPLs). NAPLs are organic lig-
uids which have a low solubility in water,
but their solubility is often significantly
greater than drinking-water clean-up
criteria (e.g., Feenstra, in press, Fran-
gois and Molyneux, in press ). NAPLs
can be less dense than water (LNAPLs)
including such liquids as fuels and light
oils, or more dense than water
(DNAPLs) including chlorinated sol-
vents and coal tars. Soil and ground-
water contamination involving NAPLs
often results from the leakage of under-
ground storage tanks or spillage at sur-
face during handling and transfer
operations.

The release of a large volume of
LNAPL from an underground storage
tank (Fig. 1) results in downward move-
ment of LNAPL through the unsaturated
zone toward the water table under the
influence of gravity and capillary action,
leaving residually saturated LNAPL in
the unsaturated zone. The capillary
fringe and the water table provide a
barrier to further downward migration of
the LNAPL. LNAPL accumulates as free
product spreading horizontally on top of

Unsaturated Zone
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Ground-water Flow =
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Figure 1 Migration of spilled LNAPL in subsurface resulting from sudden large volume loss
from underground storage tank (T). See also Chapter 7.
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the water table. A plume of dissolved
phase LNAPL develops in ground water
and moves in the direction of ground-
water flow.

Leakage of DNAPL from an under-
ground storage tank is depicted in Fig-
ure 2. DNAPL moves under the influ-
ence of gravity through the unsaturated
zone to the water table. Because ithas a
density greater than water, DNAPL mi-
grates across and below the water table
until it reaches a low-permeability base
or horizon, where it will accumulate and
migrate laterally. A plume of dissolved
phase DNAPL migrates in the direction
of ground-water flow. A detailed discus-
sion of the subsurface controls affecting
DNAPL migration is provided by
Feenstra, in press.

The distribution of contaminants re-
sulting from surface or near-surface
spills can be extremely complex. As a
result, the methods and strategies used
to remediate contaminated soil and
ground water vary according to the na-
ture and distribution of contaminants.
An important consideration is that con-
tamination commonly involves mixtures
of different contaminants including met-
als and organics in soil, versus metals
alone; or where the same contaminant
such as gasoline occurs in both the soil
above the water table and in ground
water. Consequently, at complex sites, it
is unlikely that a single treatment train

will be suitable for clean-up; several dif-
ferent processes may be required.

Classification of

Treatment Technologies

Treatment technologies can be broadly
classified as either 1) isolation methods,
2) separation methods, or 3) destructive
methods.

Isolation is a form of contaminant
treatment/management that physically
isolates and contains the contaminant
from the environment; the purpose of
isolation is to decrease further spread of
the contaminant within the environ-
ment, or to reduce exposure to human
or environmental receptors. Barrier
walls are an example of an isolation
method.

Separation methods involve physical
and/or chemical processes which sepa-
rate contaminants from the matrix, leav-
ing a clean matrix and a contaminant
concentrate which requires further
treatment. Soil-washing and filtration
processes are examples of separation
methods.

Destructive methods apply only to
organic compounds, and involve chemi-
cal or biological processes which cause
a change in the chemical structure of
the contaminant to transform the com-
pound into non-toxic by-products. Ex-
amples of destructive technologies in-
clude bioremediation and incineration.
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Figure 2 Migration of leaking DNAPL in the subsurface. See also Chapter 6.
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However, both of these technologies
can, in some cases, produce by-pro-
ducts that are more toxic than the origi-
nal contaminant. For example, in-
complete biodegration of trichloroethyl-
ene can produce the highly toxic inter-
mediate vinyl chloride. Incineration of
PCBs at too low a temperature can pro-
duce 2,3,78-tetrachlorodibenzo-p-diox-
in (TCDD).

Treatment technologies can also be
classified according to the dominant
treatment process as thermal, physical,
chemical or biological. Some tech-
nologies can be operated on site with-
out removing soil or ground water.
These methods are termed in situ meth-
ods. Other technologies require exca-
vation of soil or pumping of ground
water and treatment on surface or off
site. These methods are termed ex situ
methods.

A list of treatment technologies that
will be discussed later in the paper is
provided in Table 1

Status of Treatment Technologies
The field of ground-water and soil treat-
ment technologies is a dynamic one,
constantly undergoing change as exist-
ing technologies are improved and new
ones emerge. Because the field is rela-
tively new, and because of the high
costs associated with treatment and
monitoring, there are very few tech-
nologies that have undergone rigorous
testing under a variety of conditions for
a variety of contaminants. Conse-
quently, there may be no history of per-
formance for a vendor technology under
a given set of conditions. It is therefore
necessary, prior to the application of a
technology for full-scale clean-up, that
some pilot testing or field testing over a
small area of the site, or the testing of a
large (several kilograms to several
tonnes) sample size taken from the site,
be conducted first to establish appropri-
ate operating parameters of the tech-
nology, and to provide a reasonable es-
timate of full-scale clean-up costs.
Emerging technologies which show
promise at the laboratory scale may not
be capable of completing full-scale clean-
up.

Several major government-funded
programs in the United States and Can-
ada have provided support for the dem-
onstration of soil/sediment and ground-
water treatment technologies. These in-
clude: 1) U.S. EPA SITE Program (eval-
uation of innovative technologies for the
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Table 1

Summary of treatment technologies/management methods described in text.

SOIL

TREATMENT TYPE MAJOR CONTAMINANTS
TECHNOLOGY PROCESS AFFECTED
1. Incineration destructive thermal organics
2. Low_‘i'_emperature separation théffnal volatilé, sami-volatile
Thermal Desorption organics
3 Solidification/Stabiliz_a_tion isolation physical inorganics, (organics?)
4, Soil Washing separation physical inorganics, organics
5. Solvent Extraction separation chemical inorganics, organics
6.77'7 i:le'duction-oxidation a;;&Jc;h;e R chemical organic . B
7 Bioremediation destructive, biological, organic metals
immobilization physical
8. Soil Vapour Extraction separation physical volatile organics
9. Excavation/Landfilling separation, isolation physical inorganics, organics
10. Steam Extraction separation physicél inorganics
11 Hydraulic Fracturing n/a physical improve permeability
12. Naturalization isolation, destructive physical/biological organics
GROUNDWATER
TREATMENT TYPE MAJOR CONTAMINANTS
TECHNOLOGY PROCESS AFFECTED
1. Hydraulic Fracturing nfa physical improve permeability
2. Free Product Recovery separation physical NAPLs
3. Groundwater Pump and Treat
granuiar activated carbon separation physicai/chemical otganics, inorganics
filtration saparation physical organics, inorganics
air stripping separation physical volatile organics
advanced oxidation destructive physical organics
bicreactors destructive biological organics
4. Chemical Treatment separation physical/chemical inorganics, organics
5. Chemical Washing separation chemical organics, inorganics
6. Bioremaediation destructive biclogical organics
7 Air Sparging separation, destructive physical organics
8. Reactive Walls destructive chemical organics
9. Manufactured Werllands separation, destructive physical/chemical inorganics, 6rganics
10. Isolation isolation physical inorganics, organics
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clean-up of Superfund sites in the
United States); 2) Environment Canada
and Provinces DESRT Program (eval-
uation of technologies to clean up con-
taminated sites in Canada); 3) Environ-
ment Canada and Provinces COSTTEP
(evaluation of contaminated sediment
treatment technologies in Canada); and
4) Ontario Ministry of the Environment
and Energy (OMOEE) Environmental
Technologies Program (ETP) (promo-
tion and development of environmental

technologies in Ontario).

The U.S. EPA SITE Program was es-
tablished to support the demonstration
of innovative technologies that provide
alternatives to existing established
technologies and landfilling. Innovative
technologies are those technologies for
which cost and performance data is lim-
ited, while established technologies are
those which have a history of use, and
consequently performance and costs
are well documented. The United

Innovative Technologies (290) 44%

Dechlorination (5) <1%
In Situ Vitrification (2) <1% \
Chemical Treatment (1) <1%

Thermal Desorption (41) 6%
Other Innovative (15) 2% ~ 4

Other Established (11) 2%

Solidification/Stabilization (190) 29%

Soil V?pour Extraction (121) 18%

In Situ Flushing (18) 3%

In Situ Bioremediation (30) 5%
i
Ex Situ Bioremediation (38) 6%

Solvent Extraction (4) <1%

Soil Washing (15) 2%

)/ Off-Site Incineration (102) 15%

\
On-Site Incineration (73) 11%

Established Technologies (376) 56%

Figure 3 United States Superfund remedial actions: summary of alternative treatment
technologies from 1982 to 1993. Numbers in parentheses identify number of times that
technology was used; more than one technology is commonly used at any one site.

Breakdown of Technologies

by General Class
Destruction (17) 57%
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States Environmental Protection Agen-
cy considers incineration, solidification/
stabilization, and soil aeration as estab-
lished technologies. The distribution for
the application of 666 technologies to
Superfund sites through fiscal year 1993
is shown in Figure 3. Clean-up plans for
56% of the sites involved established
technologies, the majority of which in-
volved incineration and solidification/
stabilization. The remaining 44% of site
clean-up plans involved innovative
technologies such as soil vapour extrac-
tion, bioremediation and thermal de-
sorption. Soil vapour extraction ac-
counts for more than two-thirds of soil
treatment, with most of the remaining
treatment being completed by in situsoil
flushing, thermal desorption, in situ bio-
remediation, and soil washing.

The Development and Demonstra-
tion of Site Remediation Technology
Program (DESRT) was established un-
der the National Contaminated Sites
Remediation Program through the fed-
eral-provincial-territorial Canadian
Council of Ministers of the Environment.
Thirty-four demonstration projects were
funded. Thirty of the 34 involved soil
treatment technologies, of which 50 %
involved bioremediation. A summary of
DESRT Program demonstration pro-
jects is shown graphically in Figure 4.

The Contaminated Sediment Treat-
ment Technology Program was initiated
by Environment Canada under the
Great Lakes Action Plan to assess re-

Breakdown of Technologies
by Specific Methods

Beoremediation (15) 50.0%

Integrated (4) 13%
Isolation (1) 3%

Separation (8) 27%

Integrated (4) 13.3%

Air Sparging/Soil Vapour
Extraction (2) 6.7%

S e
Soil Washing (2) 6.7%

Thermal Desorption (2) 6.7%

, / \ \
Isolation (1) 3.3% Electrokinetics (2) 6.7%

Metal Chelation (1) 3.3%

Figure 4 Summary of treatment technologies funded by DESRT Program in Canada.
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medial technologies at bench, pilot and
full scale in support of efforts to clean up
17 Areas of Concern around the Great
Lakes (see Coakley and Mudroch, in
press). Four of the eighteen projects
were conducted at pilot scale, with the
remainder at bench scale.

The OMOEE ETP was implemented
to assist Ontario-based technology
vendors in the development and com-
mercialization of environmental tech-
nologies, with particular emphasis on
technologies that had the potential to be
marketed internationally (OMOEE,
1994).

TREATMENT TECHNOLOGIES

As discussed previously, some con-
taminant situations may require multi-
ple or integrated treatment trains, but,
for the purposes of this discussion, we
will describe individual technologies un-
der separate headings for soil and
ground water.

Soil Remediation Technologies

Incineration

Incineration is a well-developed ex situ
technology that is suitable for destruc-
tion of organic compounds. Complete
combustion is controlled by the incin-
eration temperature, the residence time
of the contaminant in the burner, the
availability of oxygen, and the physical
and chemical characteristics of the
waste streams. lincinerator designs in-
clude rotary kilns, fluidized-bed and cir-
culating-bed combustors, plasma arc,
and infra-red. They can be stationary
facilities or track-mounted. In a rotary
kiln, waste is conveyed to a rotating
chamber and incinerated at tempera-
tures ranging from 800° to 1500 °C. A
secondary combustion chamber may
be required to ensure combustion of
gases generated in the primary kiln.
Incinerators should operate under high
combustion efficiencies to prevent the
formation of products of incomplete
combustion (PICs) which are highly tox-
ic. A schematic for a rotary kiln is shown
in Figure 5.

Low Temperature

Thermal Desorption

Thermal desorptionis an ex situsepara-
tion technology that applies heat to soil
to separate volatile and semi-volatile
organic compounds from the soil matrix.
The heated contaminant airstream is
directed to a second process unit where

the contaminants are destroyed by
thermal or catalytic oxidation to carbon
dioxide and water, or are separated by
adsorption onto activated carbon.

The technology can be fixed or trans-
portable. It is particularly suited to the
treatment of gasoline and petroleum fu-
els. Treatment costs for dry sandy soils
are competitive with landfilling. In-
creased soil moisture and clay content
will increase treatment costs. The tech-
nology is not currently approved in On-

tario for the treatment of chlorinated
organics, and cannot be used to treat
contaminated soils containing haz-
ardous levels of metals because of the
possibility of volatilizing certain metals.
A schematic of the low-temperature
thermal desorption process is provided
in Figure 6.

Solidification/Stabilization
Solidification/stabilization technologies
are applied ex situ or in situ, and involve

i
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Figure 5 Typical rotary kiln incinerator.
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the addition and mixing of reagents to
the contaminated soil. The reagents
serve to bind the contaminants through
adsorption processes and solidify the
material to form a stable, solid mass
which is mechanically competent, and
resistant to the effects of freeze/thaw
and weathering.

The low permeability of the pro-
cessed material minimizes the release
and distribution of contaminants into
the environment by such processes as
leaching, volatilization or wind. Portland
cement, lime diatomaceous earth, and
fly-ash are common reagents in the so-
lidification/stabilization process.

Solidification/stabilization is suitable
for treatment of heavy metals, but while
some vendors claim effectiveness in
treating organic wastes, there is very
little evidence to support these claims. It
is also not clear whether solidified/sta-
bilized material will withstand tens and
hundreds of years of weathering. The
addition of reagents could increase the
initial volume of material by 10-30%.
Heat generated by the addition of re-
agents may result in significant emis-
sions of volatile chemicals from the con-
taminated soil. In some jurisdictions,
solidified materials must be landfilled,
which adds to the treatment costs. High
clay and organic content in contami-
nated materials will result in a structur-
ally weaker solid mass.

Other forms of stabilization include
asphalt batching and encapsulation.
Asphalt batching incorporates contami-
nated material into asphalt materials for
reuse in road surfacing materials. Con-
taminated materials used for this pro-
cess are restricted by clay content and
the amount of any fuel or solvent con-
tamination, since these materials will
lower the strength of the final asphalt

Figure 7 Method of hydraulic fracturing.

product. Encapsulation involves the
mixing of plastic resins, which surround
and encapsulate the contaminant, pro-
ducing a solid material that has very low
permeability.

Soil Washing
Soil washing is a well-developed ex situ
technology for the treatment of contami-
nated soil. The process technology has
a long history of use in Canada in the
mining and metal processing industry,
but has only recently been applied to
large-scale clean-up of contaminated
soils. Soil washing is a separation tech-
nology that is suitable for the treatment
of inorganic and organic contaminants.
Contaminated soil is first pretreated
by screening out large objects. The soil
is then directed to a vessel containing
water which agitates the soil, and
through the process of attrition scrub-
bing, the mechanical shearing action of
the soil particles against one another
removes adsorbed contaminants. The
soil is separated by density and size.
The coarse particle fractions are
cleaned quickly and can be returned to
the site as clean fill. The finer-grained
fractions may require additional treat-
ment. Variations on this process include
the use of high-pressure washing to re-
move adsorbed contaminants. This pro-
cess works best on coarse-grained ma-
terials such as sands and gravels. With
increasing clay content, the washing
process becomes more complex, re-
sulting in higher treatment costs. Chem-
ical additives such as acids and surfac-
tants can be added to facilitate the re-
moval of specific contaminants. Chelat-
ing agents can be added to metal-
contaminated soils to recover specific
metals which can be sold for reuse.
Soil-washing facilities can be estab-
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lished as fixed or mobile facilities. Treat-
ment costs are competitive with alterna-
tive treatment for hazardous waste, but
are likely too expensive at the present
time for treatment of non-hazardous
waste. The process separates the con-
taminants from the coarser fraction of
soil. The final product includes a
cleaned soil and a concentrated con-
taminant sludge which requires further
treatment and/or disposal.

Hydraulic Fracturing

Fine-grained materials pose a problem
for clean-up because their low per-
meability decreases advective trans-
port and increases the time required to
remove contaminants from the soil. Hy-
draulic fracturing is an in situtechnology
that has been used in the oil industry for
secondary recovery of crude oil, and in
the water well drilling industry to im-
prove the yield of water wells. It is now
being applied to contaminated soils to
enhance permeability for the removal of
volatiles by soil vapour extraction and to
promote bioremediation. The mechan-
ics of hydraulic fracturing in rock are
well understood. Hydraulic fracturing in
unconsolidated materials, for the pur-
pose of enhancing permeability, is a
more recent area of research.

As hydraulic pressure is applied, the
generation of fractures occurs at a crit-
ical pressure. As hydraulic pressure in-
creases, fractures are propagated and
as propagation continues, there is a
rapid decline in pressure as the frac-
tures develop. The procedure is shown
in Figure 7. The application of hydraulic-
fracturing technology is described by
U.S. EPA (1993b) for enhancing per-
meability of soil for the purpose of soil
vapour extraction. The following results
were observed: 1) fractured wells
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showed increases in vapour flow rates
of fifteen times those of unfractured
wells; 2) contaminant mass recovery
rates were seven to fourteen times
greater in fractured wells than non-frac-
tured wells; and 3) the radius of fracture
propagation was estimated to be 8 m.

Steam Injection

The injection of hot water and steam in
situ has been used extensively in the oil
industry as a technique for secondary
oil recovery. The application of this
technology to the treatment of sites con-
taminated with volatile and semi-volatile
organic compounds is in the pilot scale
and field scale stage of development.
Steam is generated from an on-site
steam boiler, and is injected into the
zone of organic contamination by
means of injection wells. A steam front
advances through this zone, decreasing
viscosities and interfacial tensions be-
tween the water and the organic com-
pound and resulting in improved con-
taminant mobilization. Volatile compo-
nents of organic contaminants are dis-
tilled from the zone of contamination
and subsequently condensed into the
steam front, producing a front of mobile
organic liquids. Extraction wells are
used to pump organic liquids and
ground water to the surface for treat-
ment and to recover steam and vapour-
ized contaminants. Ground water is di-
rected through an cil/water separator
prior to treatment, and is discharged to
a storm or sanitary sewer. The vapour
phase contaminants can be treated
using thermal or catalytic oxidation, or
can be condensed for recycling or
treatment.

A schematic of a steam-enhanced
recovery system is provided in Figure 8.
Thetechnology has been demonstrated
at sites contaminated with volatile fuels,
chlorinated solvents, and semi-volatile
fuels and oils (Hughes Environmental
Systems Inc., 1992; Udell Technologies,
Inc., 1992). The use of steam injection in
the recovery of DNAPL compounds re-
quires considerable care in design and
operation to prevent uncontrolled mobi-
lization of DNAPL.

Naturalization

Certain vegetation types have been
found to be effective in enhancing the
biodegradation of pesticides, chlori-
nated solvents, light-fraction aromatic
and aliphatic petroleum hydrocarbons
and polycyclic aromatic hydrocarbons

in their root zones, and the uptake of
metal contaminants. The root zone, or
rhizosphere, typically shows increased
microbial activity of one or more orders
of magnitude compared to soil outside
of the root zone. The compaosition of
microbial communities is dependent on
several factors including root type, plant
species, plant age, soil type, and the
type of contaminant that is present in
the soil. The vegetation itself influences
conditions in the rhizosphere that are
significant in promoting the develop-
ment of bicmass. These conditions in-
clude oxygen and carbon dioxide con-
centration, osmotic and redox poten-
tials, moisture content, and pH.

Plant root systems provide the sup-
porting structure on which microbial
populations can develop. Plant species
that develop fibrous root systems pro-
vide a larger surface area than tap root
systems, and can support a larger
microbial population. As well, root cells
saecrete nutrients that are necessary to
maintain microbial respiration. Re-
search into the assessment of specific
plant species to degrade or uptake spe-
cific contaminants is ongoing.

The use of naturalization is a long-
term strategy, and should only be con-
sidered in areas that do not require im-
mediate remediation. Restricted ac-
cess to areas undergoing remediation

by this method may be necessary.
Long-term monitoring of soil, and possi-
bly ground-water, guality would be ne-
cessary to determine whether naturaliz-
ation processes are effective.

Excavation/Landfilling

Excavation and landfilling of soil is cur-
rently the most popular method of deal-
ing with non-hazardous contaminated
soil in Canada, given the relatively low
cost for disposal. Very few treatment
technologies are able to compete with
the current low tipping fees at landfills.
As the cost of disposal rises, alternative
methods of treatment become econom-
ically viable. In some jurisdictions in the
United States, soils containing certain
levels of hazardous materials can no
longer be landfilled, and require alterna-
tive methods of disposal. This has
favoured the development of alternative
technologies.

Disposal of contaminated soil at a
landfill is perceived by some to be a
band-aid solution, since the enviren-
mental issues associated with contami-
nated soils are not resolved, but moved
from cne jurisdiction to another. As well,
in some jurisdictions, owners of con-
taminated soil who dispose of their sail
at landfills may be subject to future lia-
bility, should there be any pollution
claims against the landfill as a result of
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contamination of water supplies from
landfill leachate.

Soil Vapour Extraction
Soil vapour extraction is an in situ tech-
nique that is used to remove volatile
contaminants from the unsaturated
zone. It is commonly used to remediate
gasoline spills and is useful for remedia-
tion around structures where excava-
tion could result in damage to the struc-
ture. A typical soil vacuum extraction
system includes an array of wells in-
stalled in the areas of contamination in
the unsaturated zone. The wells are
connected to headers, which are at-
tached to a knockout drum and vacuum
pump. When a vacuum is applied to the
wells, the lower pressure at the well
screen causes air flow to occur in the
soil from areas of higher pressure (at-
mospheric) located away from the
wells. The air stream that is extracted at
the well includes volatile contaminants
and soil moisture. A knockout drum is
attached in front of the vacuum pump to
remove moisture from the airstream.
Soil vapour extraction is a separation
technology. The separated contami-
nants in the airstream require further
treatment to prevent release of contami-
nants to the atmosphere. The most
common treatment methods include ac-

Figure 9 SVE (soil vapour extraction) applicability (see Fig. 10).

tivated carbon, thermal and catalytic
oxidation, and biofilters. The use of acti-
vated carbon would require further pro-
cessing or treatment when the carbon
becomes saturated with the contaminant.
Further treatment could involve landfill
disposal or regeneration of the carbon.

Soil vapour extraction is most effec-
tive with volatile contaminants which
have vapour pressures of greater than
0.5mm Hg and dimensionless Henry's
Law constants of greater than 0.01
(United States Environmental Protec-
tion Agency, 1991), as shown on the
nomograph in Figure 9. Finer-grained
soils such as silts and clay silts would
require permeability enhancement
using methods such as hydraulic fract-
uring described above.

Depending on the depth of con-
tamination, air flow can be controlled by
sealing the surface to prevent the short-
circuiting of air flow. If the vacuum ex-
traction wells are located near the water
table, the lower pressure in the wells
may cause the water table to upwell in
the vicinity of the wells, reducing the
efficiency of the process. In such cases,
dewatering and possibly ground-water
treatment may need to be considered.

Prior to full-scale clean-up, a pilot air
extraction test should be conducted to
provide site-specific design parameters
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including radius of influence of extrac-
tion wells, contaminant concentration in
air, vacuum pressures and changes in
water level. This data will be used to
design the full-scale system for such
design parameters as number and loca-
tion of extraction wells, vacuum pump
size, estimated mass removal rate,
length of time of treatment. A schematic
for soil vapour extraction is provided in
Figure 10.

Solvent Extraction

Solvent extraction is an ex situchemical
separation technology that uses sol-
vents to solubilize contaminants and re-
move them from the soil matrix. The
process is similar to soil washing (see
above). Soil is screened for size and
conveyed to areaction vessel where the
solvent is added. The waste stream
from this process includes a cleaned
soil stream and a mixed stream contain-
ing the solvent, contaminant and fines.
Further separation of the mixed stream
is conducted to redirect the fines back
into the system for further treatment if
necessary, separate the solvent for re-
use, and collect the contaminant for dis-
posal or resale. Solvent extraction tech-
nologies can be complex systems be-
cause they involve two different pro-
cesses: the separation of the contami-
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nant from the soil matrix and the separa-
tion of the contaminant from the sol-
vents. As well, treatment of any process
water may be required to meet dis-
charge criteria.

Thermal Reduction

Thermal reduction is a process that
uses a high-temperature, highly reduc-
ing hydrogen environment to destroy
chlorinated organic compounds includ-
ing PCBs, chlorinated solvents, and di-
oxins and furans. The process is not
considered to be an incineration pro-
cess because oxygen is not involved in
the reaction.

The main component of the process
is the reactor module. The waste soil is
preheated and injected into the reactor
in the presence of hydrogen. The mix-
ture is heated to 850°C as it falls through
the reactor. Particulates up to 5 mm in
diameter that are not entrained in the
gas mixture, impact the walls of the re-
actor and volatilize organic matter ad-
sorbed onto the particulate. The par-
ticulate falls through the reactor into a
quench tank and is removed (United
States Environmental Protection Agen-
cy, 1994b).

PCBs are destroyed in the process by
the following reactions:

PCB + 5H, 2 benzene + 4HCI (1)
Benzene + 9H, 6 methane (2)
n Alkane + (n-1)H, n methane (3)

The process has undergone a number
of field demonstrations and is commer-
cially available. The system is mobile
and can be transported to the site on
two tractor trailers. Following the reac-
tion, gases are cooled with scrubber
water which removes hydrogen chlo-
ride. The process produces a sludge
and decant water waste streams. The
final gas stream consists of hydrogen,
methane and ethylene, most of which is
recirculated back into the reactor or is
used to preheat the incoming waste
stream.

Reduction-Oxidation Reactions

Reduction-oxidation reaction technol-
ogy is a chemical method that destroys
organic contaminants through the addi-
tion of reagents that break down the
chemical structure of the contaminant.
Reduction reaction technology is used
in the destruction of chlorinated com-
pounds such as PCBs. An example of a
reduction reaction is where an alkali
metal reacts with glycol to produce an
alkoxide. The alkoxide substitutes for

chlorine on the chlorinated compound
to form an ether and an alkali metal salt.
The process involves the pre-screening
of contaminated soil for size. The re-
agents are pre-mixed and added to the
soil in a closed reaction vesseltoform a
slurry. The slurry is heated for some
period of time, depending on the nature
of the contaminant and matrix. Follow-
ing the reaction, unreacted reagent is
removed. The cleaned soil is washed
with water. Volatile emissions and wash
water are treated prior to disposal. This
process has been demonstrated at field
scale at several PCB contaminated
sites in the United States (United States
Environmental Protection Agency,
1989).

Bioremediation

Bioremediation is a destructive technol-
ogy that has had widespread applica-
tion in the clean-up of soil and ground
water contaminated with light hydrocar-
bons such as fuels and light oils. Re-
search and field studies are being con-
ducted to determine its application to
the treatment of more recalcitrant
organic compounds such as PAHs, and
chlorinated aliphatic and chlorinated
aromatic compounds.

Bioremediation is a process that can
occur over a wide range of chemical
conditions in the presence of free oxy-
gen (aerobic conditions) or without free
oxygen (anaerobic conditions). Bio-
degrading microbes include bacteria
and fungi which are naturally occurring
in soil. Bioremediation technology in-
volves the stimulation of growth of indig-
enous microbes to break down contami-
nants into less harmful transformation

products and, ultimately, to carbon diox-
ide. Some vendors add proprietary ge-
netically engineered microbes to stimu-
late biodegradation, but it is believed
that these are generally short-lived, and
the advantage of their addition is a mat-
ter of debate.The requirements for suc-
cessful in situ bioremediation include 1)
appropriate microbial conditions, and 2)
appropriate hydraulic conditions.
Growth of the microbial biomass re-
quires a source of carbon (the contami-
nant), an electron acceptor (e.g., Oxy-
gen, nitrate, sulphate, carbon dioxide),
nutrients (phosphorus and nitrogen)
and subsurface conditions friendly to
the microbes (e.g., temperature and pH).

Bioremediation is a destructive meth-
odthat is suitable for clean-up of organic
compounds, particularly the light- to
mid-range fraction of petroleum hydro-
carbons and the lighter fraction PAHs
(Frangois and Molyneux, in press). Sev-
eral methods have been developed
using bioremediation technology either
in situ or ex situ and include bioventing
and various types of bioreactors.

Bioventing is an in situ, aerobic bio-
remediation method that involves the
movement of air through the subsur-
face, directly by means of blowers or
indirectly by means of vacuum pumps.
The circulation of air containing oxygen
facilitates in situ bioremediation, and
would be suitable for those areas con-
taining petroleum hydrocarbons in the
soil zone above the water table. A sche-
matic showing bioventing with nutrient
and moisture addition is provided in Fig-
ure 11.

Slurry bioreactors are an ex situ bio-
remediation technology that requires

Vacuum Pump

w Water Table v

Figure 11

Bioventing (after National Research Council, 1994).
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excavation of contaminated soil and
transfer into a reactor vessel. The ves-
sel could include some form of enclosed
tank or an open lagoon. Contaminated
soil is added to water to form a slurry
that is 10-20 weight percent of solids to
maintain particle suspension (Brox and
Hanify, 1989). Nutrients and electron ac-
ceptors can be added in appropriate
concentrations to match contaminant
concentrations in the slurry and opti-
mize biodegradation. While slurry bio-
reactors are restricted by the size of the
vessel as to the volume of material that
can be treated, residence time can be
considerably shorter than other types of
reactors because of the ability to control
conditions that increase rates of
biodegradation.

Prepared-bed reactors are an ex situ
bioremediation method that involves pil-
ing contaminated soil into prepared re-
actor beds (also termed engineered bio-
remediation cells, see Hubley, et al., in
press for acase example). They operate
at a slower rate than slurry bioreactors,
but are capable of treating larger vol-
umes of soil. Space requirements for
prepared-bed reactors are greater than
for slurry bioreactors. In situ bed reac-
tors involve in situ deep tilling of soil,
with the addition of organic soil amend-
ments which facilitate the bioremedia-
tion of the heavier and more recalcitrant
petroleum hydrocarbons and PAHs.

Electrokinetics

Electrokinetics involves the application
of a low-voltage direct current across a
saturated soil mass, which results in the
transport of ionic species toward the
current electrodes (Acar and Al-
shawabkeh, 1993). Electrokinetics is a
separation technology that is suitable
for the treatment of metal contaminants
in soil that occur below the water table.
Metal ions migrate toward the cathode,
where fluids containing the metal con-
taminants are removed from the subsur-
face by pumping, and the fluid is treated
on surface for metal recovery using
standard treatment methods. Applica-
tion of electrokinetics to soil and
ground-water clean-up is still at the field
or pilot scale stage in North America. It
has been used in site clean-up in the
Netherlands since 1987 (Lageman, 1993).

Ground-water

Remediation Technologies

In the United States, more than three-
quarters of the Superfund sites use
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pump-and-treat systems to remediate
contaminated ground water. Pump-and-
treat involves the pumping of contami-
nated ground water to the surface
through a series of extraction wells
where il is treated and discharged.

Early on in the application of pump-
and-treat, it was thought that by pump-
ing a volume of water equal to the pore
space of the aquifer, a significant vol-
ume of contaminant would be removed.
Due to heterogeneities within a strati-
graphic sequence, contaminant migra-
tion may be dominated by convection in
permeable zones or by diffusion in low-
permeable materials as illustrated in
Figure 12. Depending on site conditions
and the age of the contamination,
pump-and-treat type treatment is often
characterized by decreasing concen-
trations of contaminants with pumping
time. The contaminants may reach a
level that is below ground-water clean-
up guidelines, at which time the pumps
are shut off. After some period of no
pumping, the contaminant concentra-
tion starts to increase. This observed
increase in concentration with time is
attributed to contaminant desorption
and diffusion from fine-gained materials
adjacent to or within the aquifer. The
pump-and-treat process must then be
started again, until such time as the
contaminant reduces to a level that is
below ground-water clean-up guide-
lines. This cycle of pulsed pumping is
illustrated in Figure 13.

Experience in the United States has
shown that pump-and-treat is severely
limited in its ability to restore contami-
nated aquifers, because contaminants
remain within the soil matrix (see
Feenstra, in press for discussion).

Hydraulic Fracturing

Hydraulic fracturing {see above) can be
applied to the saturated zone toimprove
hydraulic conductivity and improve the
efficacy of pumping for pump-and-treat
and in situ methods of ground-water
treatment.

Free-Product Recovery

Petroleum hydrocarbon fuels such as
gasoline and diesel fuel (LNAPLs, Fig.
1} are common contaminants in soil and
ground water. Recovery can be com-
pleted using pumps or interceptor
trenches. Figure 14 depicts a recovery
well. A water pump located near the
bottom of the well is used to lower the
water level in the well and create a cone

of depression around the well. This
cone of depression induces free pro-
duct to flow into the void space pre-
viously occupied by the water, and al-
lows a greater thickness of product to
accumulate. A separate product pump
is used to pump product from the well to
the surface, where it is stored for dis-
posal or re-refining.

Alternative methods of product recov-
ery, which may be suitable for shallow
ground-water conditions, involve the
use of inceptor trenches which are dug
below the water table. Product flowsinto
the trench under natural hydraulic up-
gradients, and is removed by a floating
skimmer. The down-gradient side of the
trench is covered with an impermeable
barrier, such as plastic film, to contain
the preduct in the trench until it can be
pumped out. A schematic of an inter-
ceptor trench system is shown in Figure
15. Frangois and Molyneux, in press
provide case examples of the use of
recovery wells and interceptor trenches
to remove petroleum products from the
shallow subsurface.

Pump-and-Treat

The following five common treatment
technologies are reviewed: granular ac-
tivated carbon, air stripping, filtration
processes, advanced oxidation, and
bicreactors.

Granular activated carbon. Granu-
lar activated carbon (GAC) has been
used to remove organic contaminants
from drinking water since the 1940s
when its use in treating municipal water
supplies became widespread. GAC is
manufactured from a variety of source
materials which include coal, wood,
peat and coconut shell. The source ma-
terial is first crushed to a powdered

Oil-water separator

Skimmer pump

or product storage

—| I and controls

form, then roasted to produce charcoal.
The charcoal is then activated by roast-
ing again in a low-oxygen environment,
in the presence of steam, which creates
numerous pits and grooves in the char-
coal particles. This action significantly
increases the surface area of the parti-
cles (Lehr, 1991). GAC works by adsorb-
ing organic contaminants onto its sur-
face, where the forces of attraction be-
tween the carben surface and the
organic contaminant are greater than
the forces that keep the organic con-
taminant in solution. Organic com-
pounds that readily absorb onto GAC
are those with a relatively low water
solubility and a large molecular weight.

Physical properties of GAC that are
used to determine its effectiveness for
treatment include surface area, density,
mesh size, abrasion resistance, and
ash content (Delthorn and Mazzoni,
1986). The larger the surface area of the
GAC, the mare efficient the removal pro-
cess will be, provided that the pore size
in the GAC is suitable for the size of the
contaminant molecule. Mesh size de-
scribes the size of individual GAC parti-
cles. A smaller mesh results in a larger
pressure drop across the carbon bed,
resulting in longer retention time within
the bed and greater adsorption of the
centaminant, Abrasion resistance re-
flects the ability of the carbon to resist
breakage during handling, and is an im-
portant consideration where back-
washing of the carbon bed is required.
Ash content reflects the purity of the
carbon. Impurities in the carbon may be
released during back-washing and may
affect water quality.

In addition tc the treatment of liquid
phase contaminants in ground water,
GAC can be used for the treatment of
gas phase contaminants which would
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Figure 15 Recovery of free product using an interceptor tranch (after Domenico and
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be generated during air stripping or soil
vapour extraction. GAC can be pur
chased in bulk or in pre-packaged sys-
tems ranging in size from 45-gallon
drums to large trailers. Once alt the ad-
sorption sites on the carbon are full, the
carbon has no further capacity to ad-
sorb the contaminant, and break-
through of the contaminant can occur.
Therefore, it is common practice to es-
tablish GAC treatment in series, so that
contaminant breakthrough can be con-
tained. Monitoring of the influent and
effluent stream is a key component of
GAC treatment.

Air stripping. Air stripping is a well-
developed technology for the separa-
tion and removal of volatile organic
compounds from contaminated ground
water. The ability of air strippers to re-
move contaminants from ground water
is a function of the contaminant's ability
to partition from water into air. This par-
titioning can be quantified by the He-
nry's Law constant for the contaminant,
which is derived from the ratio of the
contaminant’s vapour pressure to its
solubility in water (Frangois and Mo-
lyneux, in press). Contaminants with a
low solubility in water and a high vapour
pressure have large constants and will
tend to partition readily from water to air.
These contaminants are good candi-
dates for air stripping.

Contaminants with Henry's Law con-
stants of greater than about 5x10-3 atm
m3-mol-1 can be considered as strippa-
ble. This would include common con-
taminants such as tetrachloroethene
(perchloroethylene), trichloroethene,
benzene, xylene and toluene. Air-strip-
ping systems can consist of packed
towers, diffusers, trays or spray sys-

tems. Each is designed to increase the
contact time between the influent con-
taminated ground-water stream and a
counter-current flow of air which re-
moves the contaminant from the water.
The stripping process generates a con-
taminated air strearmn which requires fur-
ther treatment, which commonly in-
cludes granular activated carbon, oxi-
dation processes, or bioremediation.

Fittration processes. Filtration in-
voilves physical/chemical processes
that remove or separate the contami-
nant from the liquid, leaving a contami-
nant concentrate that requires further
treatment or disposal. Filter mem-
branes can include manufactured mem-
branes such as cellulose acetate or sil-
icone rubber, or formed-in-place mem-
branes consisting of layers of inorganic
and polymeric coatings on rigid, porous
plates or tubes. Filtration technologies
are described in U.S. EPA (1992a, b,
1893¢, d). Filter membranes and
foermed-in-place membranes are porous
materials that allow ions and com-
pounds less than a critical size to pass
through, while retaining larger sized
species or compounds. Filters can be
used to treat ground-water waste
streams containing heavy metals, as
well as organic compounds ranging
from large molecular-weight organics
such as polyaromatic hydrocarbons to
lower molecular-weight organics such
as toluene and trichloroethylene.
Dissolved metals require pre-treat-
ment prior to filtration in order to in-
crease the diameter of the contaminant
and prevent it from passing through the
membrane. Pre-treatment includes the
addition of reagents to form larger metal
precipitates or metal polymer com-
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Figure 16 Schematic diagram of filtration process (after Uniled States Environmental

Protection Agency, 1992¢).

plexes which can then be effectively
filtered.

A filter operating in cross-flow mode,
as shown in Figure 16, involves a series
of hollow tubes through which the con-
taminated ground water is pumped. The
filter selectively prevents the contami-
nant from passing through the filter,
while allowing the permeate to flow
through the sides of an inner tube into
an outer tube. The permeate is col-
lected and further treated as necessary
prior to discharge. The contaminant is
concentrated in the inner tube and coi-
lected for recycling or disposal.

Filtration technology at bench and pi-
lot scale indicated greater than 95%
removal rates for mercury, cadmium
and lead (United States Environmental
Protection Agency, 1992a). Treatment of
metals may require pre-treatment to re-
move elevated levels of iron, sulphate
and calcium in the feed. Removal effi-
ciencies of 95 to 99% were reported for
toluene, trichloroethylene and PAHs
(United States Environmental Protec-
tion Agency, 1952b; 1993d).

Advanced oxidation. Advanced oxi-
dation processes using photo-oxidation
are used in the treatment of organic
compounds and offer advantages over
filtration and other separation tech-
nologies because photo-oxidation re-
sults in the destruction of the contami-
nant. Advanced oxidation involves the
formation of a hydroxyl radical (OH), a
powerful oxidizing agent that reacts ex-
tremely rapidly with almost all organic
compounds, at rates which are typically
ong million to one billion times faster
than reactions with molecular ozone
alone.

The hydroxyl radical can be gener-
ated from the reaction between ozone
or hydrogen peroxide and ultraviolet
light (United States Environmental Pro-
tection Agency, 1993e; 1993f), cavita-
tion (United States Environmental Pro-
tection Agency, 1993g), or electron
beam (United States Environmental
Protection Agency, 1992c; 1993h,
1993i). Once generated, the hydroxyl
radical reacts rapidly to oxidize organic
compounds in solution to carbon diox-
ide and water. Where chlorinated
organic compounds are involved, chlo-
ride is also produced. In addition to
oxidation of organic compounds by the
hydroxyl radical, organic compounds
also undergo photochemical destruc-
tion, The ultra violet source produces
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light at a wavelength of less than 300
nanometres (nm). Many of the problem-
atic organic contaminants, such as the
chlorinated solvents and many of the
intermediate species generated during
the photochemical/oxidation reactions,
react strongly to light with wavelengths
at or below the range of 250-300 nm
(United States Environmental Protec-
tion Agency, 1993f).

Advanced oxidation using photo oxi-
dation is suitable for the treatment of
most organic contaminants including
petroleum hydrocarbons, PAHs, chlori-
nated solvents, pesticides, PCBs and
chlorinated phenoclics. Commercial
skid-mounted reactors are custom built
to the nature of the contaminant and the
contaminant through-put. The reactor
consists of one or more vertical cylin-
ders equipped with a UV lamp and a
quartz sleeve. The influent-contami-
nated ground water is pumped through
a line where hydrogen peroxide or
ozone oxidants are added and mixed
prior to entering the reactor. The ground
water is treated in the reactor, and the
effluent is sampled to ensure com-
pliance with discharge criteria. A sche-
matic showing an advanced oxidation
reactor is provided in Figure 17,

Bioreactors. Bioremediation has
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Ground Water
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Solution s
Static

Mixer

Bladder

previously been discussed with respect
to the clean-up of contaminated soil,
and is discussed later with respect to in
situ methods of ground-water treat-
ment. Bioreactors used to treat ground
water (ex situ) that has been pumped
from a contaminated area utilize a reac-
tion vessel to optimize biodegradation
of the contaminant inside the vessel.
Design criteria for bioreactors include
the type and concentration of contami-
nant, ground-water flow rate, clean-up
criteria for contaminated ground water,
and additicnal constituents in the
ground water such as heavy metals that
may inhibit microbial activity.

Chemical Flushing

Flushing of chemicals through the con-
taminated porous medium to enhance
the solubility of contaminants has been
applied at sites contaminated with
NAPLs, as well as metals. The use of
surfactants to mobilize petroleum hy-
drocarbons has been used in the petro-
leum industry to enhance oil recovery.
The purpose of the surfactant is to 1)
increase the solubilization of the con-
taminant, 2) increase deserption of the
contaminant from the aquifer matrix,
and 3) lower the interfacial tension of
the contaminant with water. The surfac-
tant is added to water in concentrations
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Hydrogen
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PIUTE  gplitter
Acid P

Hydrogen
Peroxide

typically ranging from 0.5% to 5% by
weight of the solution. In water, the sur-
factant forms colloidal clusters of mole-
cules, called micelles, which consistof a
hydrophillic sheath surrounding a hy-
drophobic core. At the interface be-
tween the NAPL and water, the micelles
become re-oriented, so that the hydro-
phobic group is in contact with the
NAPL while the hydrophillic group re-
mains in contact with the water. The
non-polar hydrophobic group allows
non-polar NAPLs to solubilize into the
interior of the micelle. The process is
illustrated in Figure 18.

The formation of micelles leads to
lowering of the interfacial tension (IFT)
between the NAPL and water, thereby
reducing the capillary forces on the
NAPL and increasing the mobility of
NAPL. While the lowering of IFT is an
important property of the surfactant,
maximum reduction in IFT may not be
desirable because of the possibility of
the uncontrolled remobilization of the
NAPLs, particularly those that have a
higher density than water (DNAPLs).
Surfactants can be selected that pro-
vide significant reduction in iFT without
causing vertical migration.

Experiments on the biodegradability
of surfactants have shown that surfac-
tants can be selected to biodegrade
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Figure 17 Schematic of photo oxidation treatment system (after United Slates Environmental Protection Agency 1993e}.
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under aerobic and anaerobic condi-
tions. As well, there is evidence that
surfactants can co-metabolize recalci-
trant chiorinated organic compounds by
acting as primary substrates for micro-
bial activity (Jackson et al., 1992).

Field tests using surfactants onacon-
trolled spill of perchloroethylene {(PCE)
indicated that, while pump-and-treat
without surfactants showed virtually no
effect on PCE removal, the addition of
surfactants to enhance pump-and-treat
resulted in the removal of free-phase
PCE from the field study without any
apparent vertical remobilization of the
PCE (Jackson et al, 1992). Figure 19
shows the decrease in PCE concentra-
tions versus extracted pore volumes.

The lowering of the interfacial tension
decreases the capillary pressure of con-
taminant within the aquifer matrix and

increases contaminant mobility. The in-
crease in mobilization, solubilization
and desorption results in an increase in
the concentration of the contaminant in
the ground water of up to several orders
of magnitude, thereby significantly re-
ducing the pumping time required to
flush the contaminants from the aquifer.

Bioremediation

Ex situ bioremediation of pumped
ground water has been discussed pre-
viously. /n situ bioremediation, as with
any other in situprocess, requires care-
ful characterization of the physical and
chemical characteristics of the site and
an understanding of the system hydrau-
lics. As well, laboratory bench scale
testing of the site microbiclogy should
be undertaken to identify specific de-
grading microbes and conditions that

WATER
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Figure 18 Solubilization of oil by surfactant micelles (after Jackson et al., 1992).
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Figure 19 Effluent concentration of PCE (from Jackson et al., 1992).
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would optimize contaminant degrada-
tion. Following bench scale testing, the
system should be assessed (o deter-
mine whether conditions for optimum
contaminant degradation can be de-
veloped at the site.

The design of an aerobic system to
treat a contaminated ground-water plu-
meinvolves extraction wells at the toe of
the plume, a nutrient and oxygen supply
at surface, and infiltration wells within
the zone of contamination up-gradient
from the extraction wells. Pumped
water containing organic contaminants
removed from ahead of the treatment
front are treated prior to re-injection, A
schematic showing an in situ bioreme-
diation system is provided in Figure 20.

The electron acceptor under agrobic
conditions is free oxygen (O,) ,which
can be delivered to the system by in situ
air sparging (see following discussion),
circulation of oxygenated water and the
addition of hydrogen peroxide. Air spar-
ging can raise dissolved oxygen con-
centrations to 812 mg-.-1. The addition
of hydrogen peroxide can raise dis-
solved oxygen concentrations to 40
mg-L-, but is subject to instability which
can reduce its effectiveness. Under
anaerobic conditions, electron accep-
tors can include nitrate, sulphate and
carbon dioxide. Geological conditions
{e.g., permeability, heterogeneities) and
electron acceptors are often the limiting
factors to successful in situbioremedia-
tion of ground water.

Air Sparging

Air sparging is used to treat dissolved
and residual volatile organic com-
pounds below the water table. The tech-
nology can effectively treat light petro-
leum hydrocarbon contaminants by vol-
atilization and bioremediation (Marley
and Droste, 1995).

Air sparging involves forcing air below
the water table, through the zone
of contamination, using a surface-
mounted blower and an array of verti-
cally or horizontally emplaced sparge
points (Fig. 21). Vertically emplaced
sparge points are typically constructed
of materials similar to conventional
ground-water monitor wells. They are
completed in the saturated zone to a
depth below the zone of contamination.

Sparge wells are connected to a
header leading to a blower which is
used to force air through screened por-
tions of the sparge points. Air bubbles
are forced into the formation and rise
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upward to the zone of contamination.
Air bubbles strip VOCs that are residu-
ally saturated in the aquifer and dis-
solved in ground water. Contaminants
that are amenable to stripping include
components of gasoline and chlori-
nated solvents.

The rising air/contaminant vapour
stream results in increasing concentra-
tions of VOCs in the unsaturated zone
above the water table. In order to pre-
vent uncontrolled migration of the con-
taminant in the unsaturated zone and
uncontrolled emissions to the at-
mosphere, air sparging should be cou-
pled with a soil vapour extraction sys-
tem. Soil vapour extraction involves the
installation of arrays of vertical or hori-
zontal extraction wells in the unsatu-
rated zone which are attached to a vac-
uum pump. Air containing VOCs is pum-
ped from the unsaturated zone through
a knockout pot to remove moisture, and
directed to a treatment system to re-
move VOCs, using one of several tech-
nologies including activated carbon,
catalytic oxidation or biofilters prior to
discharge to the atmosphere. In addi-
tion to the in situ stripping of volatiles
from below the water table, air sparging
can also enhance in situ bioremediation
of VOCs that are conducive to aerobic
biodegradation (Fig. 22). A schematic
showing the use of horizontal wells is
shown in Figure 23.

The impact of air sparging on the con-
centration of VOCs recovered during
soil vapour extraction is provided in Fig-
ure 24. The figure shows that when the
air-sparging system is turned on, there
is an immediate increase in the con-
centration of VOCs in soil gas.

Reactive Walls

Reactive walls are an in situtechnology
in which a permeable wall containing a
suitable reactive material is placed
down-gradient from a plume of contami-
nated ground water. As the ground
water flows through the wall under natu-
ral gradients, the specific contaminant
in the ground water reacts either directly
or indirectly with the reactive material in
the wall. A reactive wall is shown sche-
matically in Figure 25. This technology
can also be applied above ground
where in situ applications are not feasi-
ble. In above-ground applications, the
reactive material is held within a con-
tainer and contaminated ground water
is pumped through the reactive
material.

Depth (m)

Research at the University of Water-
loo identified abiotic reductive de-
halogenation reactions involving ele-
mental iron as an electron source to

degrade halogenated methane, eth-
anes and ethenes to non-toxic reduced
species (O’'Hannesin and Gillham,
1992). A laboratory study showed sig-
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Geoscience Canada Volume 23 Number 1

nificant degradation of TCE after 50
hours contact time with a reactive metal
as shown in Figure 26.

Greater control of system hydro-
dynamics and plume control can be ob-
tained through the use of funnel-and-
gate technology, where impermeable
walls are used to funnel contaminated
ground water through permeable gates
inthe wall that contain reactive material.
A funnel-and-gate configuration is illus-
trated in Figure 27. Recent research in
reactive wall technology involves the
use of a proprietary mixture containing
magnesium oxides that slowly releases
oxygen when contacted with water. This
process has potential application to en-
hance in situ aerobic bioremediation of
petroleum hydrocarbons such as gas-
oline (Thomas and Mackay, 1994).

Constructed Wetlands

These are passive treatment systems
that mimic natural conditions and have
been applied to the treatment of acid
mine drainage problems, municipal
wastes and urban storm runoff. A more
detailed review is provided in Be-
rezowsky, in press.

Isolation
Isolation is a method of managing con-
taminated soil and/or ground water at a
site by containing the contamination
within physical barriers. Physical bar-
riers could include low-permeability
caps and walls.

The use of capping material over con-

Injection point for flushing gas

taminated areas reduces the exposure
of human and environmental receptors
to the contaminant, and/or reduces the
infiltration of precipitation through the
contaminated zone. The reduction in
infiltration can result in lower contami-
nant loadings from the unsaturated
zone to ground water. Capping mate-
rials can include natural materials such
as clay, or paving materials such as
asphalt or concrete. Redevelopment of
such sites can incorporate design and
landscape features such as parking
lots, roadways, structural envelopes,

Compressor
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berms or raised gardens over contami-
nated areas.

Where contaminant migration off-site
must be controlled, low-permeability
barrier walls constructed of grouted ma-
terials, clay, plastic membranes, or
sheet piling can be installed. Barrier
walls extend below the zone of con-
tamination, and are tied into a low- per-
meability zone to facilitate hydraulic
containment. Hydraulic containment
can be further enhanced by maintaining
inward hydraulic gradients into the con-
tained area through ground-water pum-

Vacuum
Pump

LTI

LU

Figure 22 Air-sparging system with nutrient feed and vapour

[- Extraction of contaminated gas

Surface Soil/Cap

extraction (after National Research Council, 1993).
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Figure 23 Air sparging using horizontal wells (after National
Research Council, 1994).
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Figure 24 Impact of air sparging on concentrations of volatile

organic compounds in soil vapour (after Marley et al., 1992).
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ping. Pumped ground water may require
treatment prior to discharge. The appro-
priate isolation method will depend on
the mobility and toxicity of the contami-
nant and the intended use of the
property.

Contaminated sites that are man-
aged by isolation methods should be
registered on title, and with regulatory
agencies and local government building
departments, so that existing and future
owners and users are aware of the type,
extent and location of the contaminants,
in the event that redevelopment occurs
or subsurface maintenance is required.
As well, sites should be subject to long-
term monitoring to ensure that contain-
ment features operate as designed, and
contingency plans should be imple-
mented in the event of containment fail-
ure. Isolation is often considered at
those sites where clean-up is either
technically oreconomically not feasible.

DISCUSSION
Soil and ground-water treatment tech-

nologies are continually evolving in an
attempt to provide cost-effective solu-
tions to contaminant clean-up pro-
blems. The remediation of soil and
ground water to regulatory clean-up cri-
teria has severe long-term economic
implications relating to treatment costs
and the abandonment and/or under use
of contaminated land in prime urban
settings (see Campbell et al., in press
fordiscussion). These conditions, along
with the landfill ban on hazardous chem-
icals in some jurisdictions, have led to
an increase in the use of alternative
technologies. However, because of the
relatively short time frame within which
alternative technologies have de-
veloped, there is a general lack of good
quality assessment information relating
to the efficiency and applicability of spe-
cific technologies to a given contami-
nant problem. Part of the problem stems
from the high cost of conducting such
assessments, which typically includes
third-party review of a given technology.
Government-sponsored demonstration
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Degradation of TCE with reactive metal contact time.

programs have assisted in the eval-
uation of a number of treatment
technologies.

In some situations, particularly in the
application of in situ methods, the limit-
ing factor to successful treatment is less
an issue of technical performance of the
technology, and more an issue of the
understanding of subsurface conditions
and the ability to control the treatment
process in the subsurface. Forexample,
heterogeneities in aquifer permeability
may be sufficient to prevent ground-
water removal from low- permeability
zones within the area of contamination,
resulting in inefficient and lengthy pum-
ping. Heterogeneities also hinder the
distribution of additives which are part
of some in situ treatment methods (e.g.,
surfactants, electron acceptors), con-
sequently, contaminated fine-grained
materials within and adjacent to an aqg-
vifer may be unaffected by pumping
strategies or /in situ treatment. In some
situations, inadequate site characteriz-
ation information and incomplete tech-
nology treatability studies can result in
inappropriate or improper application of
a technology.

Problems associated with soil and
ground-water clean-up can include 1)
inadequate site characterization; 2) in-
sufficient vendor information indicating
results of previous applications and in-
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Impermeable
~—————— sheet piling/
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Figure 27 Schematic of funnel-and-gate

technology.
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dicating limitations of the technology; 3)
incomplete treatment at the site; 4) in-
adequate monitoring te confirm clean-
up; 5) inability of the clean-up program
to meet clean-up criteria; and 6) diffi-
culty in obtaining regulatory approvals.
Ideally a vendor should be able to show
application of his/her technology to the
client’s situation through 7) documenta-
tion of technology demonstration invol-
ving third party review; 8} documenta-
tion of technology through peer re-
viewed literature; 9) references of cli-
ents that used the technology; and 10}
ability to conduct bench and/or pilot
scale treatability studies of the technol-
ogy using anindustry accepted protocol
that accounts for mass balance of the
cortaminant.
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